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Abstract 

We construct a relativistic and unitary approach to ’high’ energy pion- and photon- 
nucleon reactions taking the irN, 7tA, pN, ujN, pN, KA , KT, final states into ac¬ 
count. Our scheme dynamically generates the s- and d-wave nucleon resonances 
A/ - (1535), 1V(1650) and 1V(1520) and isobar resonances A(1620) and A(1700) in 
terms of quasi-local interaction vertices. The description of photon-induced pro¬ 
cesses is based on a generalized vector-meson dominance assumption which directly 
relates the electromagnetic quasi-local 4-point interaction vertices to the correspond¬ 
ing vertices involving the p and u) fields. We obtain a satisfactory description of the 
elastic and inelastic pion- and photon-nucleon scattering data in the channels con¬ 
sidered. The resulting s-wave p- and cu-nucleon scattering amplitudes are presented. 
Using these amplitudes we compute the leading density modification of the p and 
ui energy distributions in nuclear matter. We find a repulsive energy shift for the ui 
meson at small nuclear density but predict considerable strength in resonance-hole 
like cu-meson modes. Compared to previous calculations our result for the p-meson 
spectral function shows a significantly smaller in-medium effect. This reflects a fairly 
small coupling strength of the N(1520) resonance to the pN channel. 


1 Introduction 


The decay of vector mesons into e + e _ and p + p~ pairs offers a unique tool 
to explore the properties of dense and hot matter in nuclear collisions. The 

lepton pairs provide virtually undistorted information on the current-current 

correlation function in the medium [1], At invariant masses in the range 

500 — 1000 MeV, (j^jv) is sensitive to in-medium modifications of the mass 
distribution of the light vector mesons p and to. Indeed, the observed enhance¬ 
ment of the di-lepton yield at small invariant masses in ultra relativistic heavy 
ion collisions [2] is presently interpreted in terms of in-medium modifications 
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of the mass and width of the p meson [3-14], To leading orders in the baryon 
density, modifications of the mass distribution are determined by the vector- 
meson nucleon scattering amplitudes. Since these amplitudes are not directly 
constrained by data, there are presently large theoretical ambiguities in pre¬ 
dictions of the vector-meson spectral densities in nuclear matter. 

This work is an attempt to overcome this problem by using the constraints 
from data on pion- and photon-nucleon reactions considering in particular 
the oj and p production data in a systematic way. We develop a coupled- 
channel approach for meson-baryon and photon-baryon scattering, including 
the yiV, nN, pN, lvN, nA, r)N , K A and K E channels where the interaction 
kernel is approximated by quasi-local 4-point interaction vertices. The descrip¬ 
tion of photon-induced reactions is based on a vector-meson dominance type 
assumption which directly relates the electromagnetic quasi-local 4-point in¬ 
teraction vertices to the corresponding vertices involving the p and u fields. In 
such a scheme the amplitudes for experimentally non-accessible processes like 
pN and ujN scattering are constrained by the data on elastic ttN scattering 
and inelastic reactions like the pion-and photon-induced production of vector 
mesons. Our primary goal is to derive the vector-meson nucleon scattering 
amplitudes close to threshold, which in turn determine the self energy of a 
vector-meson at rest in nuclear matter to leading order in density. Thus it is 
sufficient to consider only s-wave scattering in the pN and ujN channels. As a 
consequence of parity conservation, this implies that in the nN and nA chan¬ 
nels we need only s- and d-waves. In particular, we consider the Sn, S 33 , D 13 
and D 33 partial waves of nN scattering. To derive systematically the mo¬ 
mentum dependence of the vector-meson self energy, vector-meson nucleon 
scattering in higher partial waves would have to be considered in addition. 
We concentrate on the energy window 1.4 GeV < •>fs < 1.8 GeV and base our 
analysis on the conjecture that all baryon resonances except the baryon octet 
and decuplet ground states are generated by coupled channel dynamics. Under 
these assumptions the application of quasi-local interaction terms is justified, 
because in all considered channels the interaction kernel is slowly varying in 
energy. 

In this paper we expand the scope of existing coupled channel calculations [15— 
17,19] in several ways. First, we attempt a comprehensive description of pion 
and photon induced reactions, including for the first time the pN, loN photon- 
nucleon channels on equal footing. Thus, we describe elastic nN scattering as 
well as pion and photon induced production cross sections within the same 
model. Second, our approach is consistent with analyticity and causality, i.e. 
the amplitudes satisfy dispersion relations. This is not the case for models that 
employ the K-matrix approximation or extensions thereof [15,16,19]. Analyt¬ 
icity is a fundamental property of the S-matrix and the analytic structure of 
the scattering amplitude plays an important role e.g. close to thresholds (see 
e.g. [18]). Since we are addressing the physics in an energy range where several 
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production thresholds are located, this is an important feature of our model. 
Finally, in our approach, which applies and generalizes the covariant projec¬ 
tor technique of [ 20 ], baryon resonances can be generated by coupled channel 
dynamics. This offers an appropriate framework for testing the conjecture of 
dynamical generation of resonances [ 20 ]. If this conjecture is correct, a more 
economical description of the scattering amplitude follows, since there is no 
need for introducing explicit baryon resonances in the interaction kernel. We 
note that in the K-matrix approximation, the lack of analyticity prohibits the 
dynamical generation of resonances. Thus, in such an approach the baryon 
resonances must be explicitly included in the interaction kernel, 

We obtain a satisfactory description of the elastic and inelastic nN and 7 IV 
reaction data in the channels considered. The s- and d-wave nucleon resonances 
iV(1535), iV(1650) and iV(1520) and isobar resonances A(1620) and A(1700) 
are generated dynamically in our approach. Whereas we predict considerable 
strength for the 7V(1520) nucleon-hole component of the u meson in nuclear 
matter, our analysis suggests only a moderate importance of the iV(1520) 
nucleon-hole states in the in-medium spectral function of the p meson. 

In section 2 we first present the general hadronic coupled channel approach 
within the framework of the covariant projector operator technique of [ 20 ]. 
We first introduce the projection operators for elastic 7tN scattering and sub¬ 
sequently generalize the scheme to include inelastic reactions between the 
different coupled channels. In the following section the specifics of the pN and 
7 tA channels are presented, while in section 4 we give the framework for the 
treatment of electromagnetic interactions. There we also motivate our choice 
for the vector meson dominance assumption. Readers who are not interested 
in the technical details of the calculation may skip sections 2-4 and jump to 
the results, which are presented in section 5. There the basic ingredients of 
our approach are recalled with appropriate references to the central equations 
in sections 2-4. 


2 Relativistic coupled-channel dynamics 


In this section we present the theoretical framework for our analysis of the 
meson-baryon scattering process. We construct an effective Lagrangian with 
quasi-local four-point meson-baryon contact interactions. Within this frame¬ 
work, the Bethe-Salpeter equation for the coupled-channel system reduces to a 
matrix equation. The justification of our approximation strategy follows from 
two assumptions. First, we conjecture that all baryon resonances except the 
baryon octet and decuplet ground states are dynamically generated by coupled 
channel dynamics. And second, we aim at a description of elastic and inelastic 
pion-nucleon scattering in an energy window 1400 MeV < a fs < 1800 MeV 
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only, where the interaction kernel is slowly varying in energy in all channels 
considered. This will be explained in detail later. 

In order to keep the discussion transparent, we first restrict ourselves to the 
pion-nucleon sector. Consider the general pion-nucleon four-point interaction 
in momentum space 


C nN (k, k\ w) = l 7r| (q) Nj(p) K ijkl (k, k\ w) N k (p) tt,( g) , (1) 

ijkl 


where i,j,k,l are isospin indices, and K is a matrix in spinor space, which 
in general is a function of the relative momenta in the initial and final states 
k = \{p~q) and k = \{p — q) as well as the total momentum w = p+q = p+q. 
Here we use a generic two-body interaction kernel K at tree-level as to specify 
the conventions applied throughout this work. The relation of the momentum- 
space object (1) to the Lagrangian density C(x) is obtained by defining the 
action, 


/ 


d A x C(x) 


7T (q) = I d 4 xe l 
N(p) = j d A xe 


r d A k d A k d A w 
(2 7 r ) 4 (2 7 r ) 4 ( 2 vr ) 4 

q X Tt(x) , 7T \q) = j 

ip ' x N(x), N(p) = 


jC(k, k ; w) , 
f d A xe~ i ~ q - x tt(x), 

J d A xe~ ip x N(x). 


( 2 ) 


Without loss of generality we may assume a crossing symmetric interaction 
kernel with 


K ijk i(k, k; w) = Ki jki ((p + q)/ 2, (p - q)/ 2 ;p - q ), (3) 

simplifying the identification of any exchange term contribution. The fact that 
the effective interaction C{k , k ; w) depends only on three combinations of the 
four 4-momenta introduced in (2) is a consequence of the invariance of the 
coordinate-space interaction kernel under time- and space-translation. Note 
for instance that the momenta q and q of the n(q) and TtHq) fields do not 
represent the 4-momenta of the physical pion states. This interpretation is 
legitimate only after the pion held is decomposed into positive and negative 
frequency parts 1 


7T, 


(+), 


X) = 


d 3 p 


(2tt) 3 2po 


ai(p ) e 


—ipx 


1 We use the normalization of Itzykson and Zuber [21]. 
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( 4 ) 


7T, 


*■ \x) = 


d 3 p 


(2vr) 3 2p 0 


4(p) e 


ipx 


In order to construct the isospin projectors, it is useful to split also the nucleon 
held into positive and negative frequency parts, defined by 


N {+ \x)=Y, I j!~^ — u(p,s)b(p,s)e ipx , 
s J ( 27r ) Po 

N(-\x)=J 2 [ jl^—v{p,s)d}(p,s)e ipx , (5) 

8 J W PO 

where u(p,s ) and v(p,s ) are the positive and negative energy spinors, re¬ 
spectively. Here, cq(p) and af(p) are the pion annihilation and creation op¬ 
erators, while b(p,s ) is the nucleon annihilation operator and d'(p,s) is the 
anti-nucleon creation operator. 

For the construction of the Bethe-Salpeter kernel, it is convenient to rearrange 
the interaction Lagrangian, £ n N(k,k',w), which is considered in momentum 
space, as a sum of terms that project onto states of good isospinQ 


C nN (k, k\w) = 4 N^ + \p) [r ■ fr*- \q)} K^\k, k ; w) [i T^ + \q) ■ f] N^^p) 
+7V (+) (p) [f • 7f(-> (q)] iF ( §) (jfc, k- w) [7f (+) (g) ■ f ] iV (+) (p) + ... , (6) 

where r* is a Pauli matrix in isospin space and 7j an isospin 1/2 to 3/2 transi¬ 
tion matrix and K'- 1 ’ the interaction kernel for states with isospin /. The nor¬ 
malization of the isospin transition matrices is such that T} Tj = Sij — T t Tj /3. 
In (6) we have only written the terms that explicitly contribute to pion-nucleon 
scattering in the Born approximation. These are sufficient to specify the tree- 
level Bethe-Salpeter kernel. The additional terms, indicated by the dots in (6), 
contribute to the production and absorption of two pions and are uniquely de¬ 
termined by covariance. 

It is straightforward to generalize this scheme to the coupled-channel problem 
at hand. The interaction Lagrangian can thus be written in the form 


C(k, k: w) = Y, R iI] H ( l,P) r roK {I \k,k-w)R {I \q,p) + ... (7) 

/ 

where again we show only those terms that contribute to meson-baryon scat¬ 
tering in the Born approximation. The state vectors R^\q,p) are given by 


2 We assume perfect isospin symmetry. 
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R® 


1 -±= (7f(+) • f) iV (+) ^ 
72 (vfW • ft) AW 

tL ,(+) at(+) 

A 4 

i^(+) _/y(+) 

A' (+) A (+) 

A (S (+) ■ ?) KM , 


7J<§> 


' (jr<+> ■ T) JV<+) ' 

v /|T,(f<+).f)7’ , AW 

(4+1 • f) JV<+) 

v (S(+) • f) A'<+) ! 


Note that the spin and isospin structure of the states is implicit in ( 8 ). Thus, 
is an isovector and 07 an isoscalar vector held, while e.g. the nucleon is 
an isospin doublet Dirac spinor held. Similarly, the A^ is a Rarita-Schwinger 
isospin 3/2 held. These helds combine with the corresponding elements of 
the kernel K^\k, k, w) and the isospin operators in ( 8 ). For instance, the 
vector index of the p M and helds are contracted with a vector index of the 
corresponding term in the kernel. 


The coupled-channel Bethe-Salpeter equation [^projected onto a given isospin 
then reads 


/,j4l 

— Kjg{k, i; w) w) Tg\l , k] w) , 
( 2 vr ) 4 

w) = — i w — l) S B {i, c )b(i,<I)( \w + l), (9) 

where and Sb(i, c )b(i, d)(p) denote the meson and baryon propa¬ 

gators in a given channel. Evidently the interaction kernel K^ b \k, k ; w) in the 
Bethe-Salpter equation (9) is not necessarily restricted to the tree-level expres¬ 
sions discussed in detail above, ft encompasses all Feynman diagrams which 
are two-particle irreducible in the s-channel. Oh-diagonal components of 
are due to the matrix structure of the vector-meson and isobar propagators. 

A convenient labelling of the channels is obtained by defining 


<F(|, a) = (7ir, 7T, p M , Up, rj, K, K) a , B{ §, a) = (A, A M , N, N, N, A, E) a , 
$(§,«) = (7r,7r,P^, K ) a , = (A, A m , N, E) a . (10) 

The meson and baryon propagators £>$(/, c )$(j,«*)(<?) and £B(/,c).B(/,d) (p) in (9) 
are 

3 We apply here the conventions of Itzykson and Zuber [21] where the ’ampu¬ 
tated’ Greens function defines the scattering amplitudes with G^f_^ nN = 

i TttN— >7rV, Gyjy^yjy = —iTyN^yN but G n jy’_^y N = T n N^yN and Gyjy^^jy = 
Tyj\r^ n N- The analogous convention is chosen for the 7 tA channel. 
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The spectral distributions of the vector mesons, p p and and that of the 
isobar-resonance, p&, will be specified in the subsequent section, where the 
pion-induced vector-meson and isobar production processes are discussed. The 
propagators of the r/ and K mesons as well as of the A and E baryons are, ex¬ 
cept for the mass, identical to the pion and nucleon propagators, respectively. 

A convenient way to perform the partial-wave expansion is offered by the 
covariant projector formalism introduced in [20]. A detailed discussion of 
the underlying strategy leading to the projector formulation can be found in 
that paper. Here we generalize this approach in order to include the p /t N , 
uj p N and n A p channels. The interaction kernel K^b is expanded in a series 
of channel-dependent projectors q; w)] ab , 


K ab (<?, q\ w) = V ab +) (Vs; n) [F n (+) (q, q; w)] ab 

n =0 
oo 

+ y (12) 

n =0 

with s = w 2 , n = J — T) and a set of energy-dependent effective inter¬ 
action kernels V^ ) ± \yfs]n). The projectors are constructed in a way that 
states corresponding to different projectors with given total angular momen¬ 
tum J — n + | do not couple in the Bethe-Salpeter equation (9). Any given 
projector Y^ + \q,q;w) is a finite polynomial in the Dirac matrices y 5 and 
and the four-momenta q p , q p , w p . A further crucial property of the projectors 
is that they are free of any kinematical singularities in q ■ w, q ■ q, q 2 and q 2 . 
Only then the set of projectors decouples in the Bethe-Salpeter equation (9) 
in any frame. 

In general the Bethe-Salpeter interaction kernel (q, q: w) may have addi¬ 
tional contributions not of the form (12). Such terms do not lead to s-channel 
unitarity cuts if iterated in the Bethe-Salpeter equation, since, by construc- 
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tion of the projectors, they vanish for on-shell kinematics. In [20] it is shown 
explicitly that these terms may be considered as part of the irreducible loop 
corrections of an effective interaction kernel K^ b (q, q\ w). Note that the form of 
the projectors implies a particular off-shell behavior of the interaction kernel. 
From a held theoretical point of view the off-shell structure of the interaction 
kernel and also that of the scattering amplitude is not defined because it may 
be changed at will by redefining the hadronic interpolating holds [22,23]. How¬ 
ever, as was emphasized in [20] the proper treatment of the Bethe-Salpeter 
equation requires a systematic on-shell reduction as to avoid an unphysical 
and uncontrolled dependence on the choice of chiral coordinates or the choice 
of interpolating helds. A covariant on-shell reduction can be defined unam¬ 
biguously with respect to the covariant set of projectors that solve the Bethe- 
Salpeter equation for any choice of quasi-local interaction terms. The system¬ 
atic on-shell reduction of the Bethe-Salpeter interaction kernel then leads to 
an effective interaction kernel of the form imposed in (12). 

Given an interaction kernel of the form (12), the coupled-channel scattering 
amplitudes T^ b \k, k\w) can be decomposed accordingly: 


OO 

T ab(q, T,w) = Y, M ife +) (Vs; n) [Y 7 ^\q, q; w)] ab 
n =0 
oo 

+ Z M H~\Vs;n ) [Y^-\q,q-,w)] ab . (13) 

n =0 

The reduced amplitudes M^ ) ± \y/s;n) are given by 


M ab ± \Vsvn) = 


(l - ^(v'i; n) J (I± \V i; n))~ 1 H {/±) (v^; n) 


,( 14 ) 


ab 


where the loop matrix n) is defined by 



x S B ( c )B(d)(w - l ) D$( c) $ ( d)(0 [F n (±) (/,g;w)]dft. (15) 

We stress that the definition of the loop functions in (15) is consistent only 
because the projectors are constructed to carry good total angular momen¬ 
tum J. A priori it is unclear that the left hand side of (15) does not involve 
additional terms not proportional to YjY. Furthermore, since the integral in 
(15) diverges, the loop functions are defined only in conjunction with a suit¬ 
able renormalization scheme, to be discussed below. The consistency of (15) 
is verified by explicit calculations. 



Before we proceed with the presentation of the projectors and loop functions, 
we first discuss the general form of the interaction kernel used in this work. It 
may be obtained from a meson exchange model or more systematically from 
the chiral Lagrangian. Here we use the concept of an effective field theory in 
a sense that differs somewhat from common practice. Usually this concept is 
used to describe the physics close to threshold, like e.g. in chiral perturbation 
theory, which is based on a systematic expansion in powers of the momentum 
[24]. In this paper we construct an effective field theory for meson-nucleon 
scattering in the resonance region. The philosophy of this approach is to ap¬ 
proximate the slowly varying interaction kernels K ah with simple coupling 
functions, and to treat rescattering in the s-channel explicitly. By allowing 
an arbitrary energy dependence of K a b, one could certainly describe the phase 
shifts at any energy, as long as all open channels are included. However, such a 
model has essentially no predictive power. In our scheme, the predictive power 
results from the assumption that the interaction kernel is slowly varying in 
energy in the relevant window 1.4 GeV< y's <1.8 GeV. 

This assumption is based on the following observation. A small scale, which 
implies a strong energy dependence of the scattering amplitude, is a reflec¬ 
tion of nearby singularities. In general the partial-wave amplitudes have an 
analytic structure which is more complicated than the s-channel singularities 
generated by rescattering. There are left-hand cuts generated by t- and u- 
channel exchanges of mesons and baryons, which are not treated explicitly 
in our approach. These cuts are located in an unphysical region, but the ex¬ 
change of light mesons, e.g. the pion, may give rise to a rapid energy variation 
close to threshold because the branch point is located relatively close to the 
physical region. However, far above threshold, the energy variation due to the 
left-hand cuts is unimportant, and the interaction kernel can be approximated 
by slowly varying function. We have checked by explicit calculation that, for 
the partial waves considered, this is the case in the energy region of interest 
here. Consequently, we employ the following simple ansatz for the interaction 
kernel: 




rv 




(16) 


where the linear dependence in (16) on s is imposed in order to guarantee 
a regular behaviour of the scattering amplitude at a/s = 0 (see (17)). The 
linear dependence in s removes an unphysical kinematical singularity of the 
scattering amplitudes at s = 0, which is due to the form of the projectors^ 
[20]. Although this simple interpolation perhaps does not yield an accurate 

4 An alternative, equally viable, way to eliminate this singularity is to include a 
factor proportional to s in the definition of the projection operators and take the 
interaction kernel independent of s. 
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representation of the scattering amplitude outside the window of applicability, 
because it does not account for e.g. the t- and ^-channel singularities, we 
expect at least a qualitative description also there. 

In this context, one may worry that the s-channel contributions of baryon 
ground states and resonance to the interaction kernel may lead to a rapid 
energy variation in our energy window 1.4 GeV< a/s < 1.8 GeV. Our ansatz 
(16) is justified by the following observations. In this work we consider only 
s-wave interactions in the vector-meson nucleon channels. Because of parity 
conservation these couple only to the s- and d-wave pion-nucleon channels. 
In these channels the large N c baryon ground-state states, the positive par¬ 
ity baryon octet and decuplet states, do not lead to pole structures in the 
corresponding kernels 5 , 0) and V„ h \\/s; 1). Furthermore, the large 

N c excited states are not explicitly included in (16) since we aim to generate 
those as resonances of the ground-state degrees of freedom [20]. The basis for 
this strategy is the hypothesis that large N c counting rules can be applied 
to the interaction kernel but not to the scattering amplitude. This is sup¬ 
ported by the following argument. The reducible diagrams summed by the 
Bethe-Salpeter equation are typically enhanced by a factor 27r compared to 
irreducible diagrams. Thus, a reducible diagram, which in the large N c ex¬ 
pansion is suppressed by a factor 1/N C , acquires a total factor 27T /N c . For 
N c = 3 this factor is about 2, which indicates that the large N c expansion is 
not useful for reducible diagrams. Consequently, it is unclear whether baryon 
resonances are already present in the interaction kernel, i.e. included in the 
irreducible diagrams, or generated by coupled-channel dynamics, i.e. by in¬ 
cluding reducible diagrams. The fact that baryon resonances typically have 
large decay widths we take as an indication that indeed the coupled-channel 
dynamics is the driving mechanism for the creation of baryon resonances. 

We return to the set of projectors and recall those that are relevant for elastic 
pion-nucleon scattering [20] 


[l/ (±) (g, q ; w)] n = ^ ± lj Y n+1 (q, q; w ) 


1 

2 


w z 


w ■ q 


i - )Y n (q,q;w) , 


w- 


"W (-f(2n-2k)\ 

” W ’ 9, ' X 2”fc!(n-fc)!(n-2fc-l)!' w ' B " w 


v rk -\rn—2k—l \^k 
l TiFi i r,„ 1 „„ i 


Y— = 

1 <M 


k =0 

(w ■ q) (q ■ w) 
w 2 


_ _ v (w-q)(q-w) 
q-q, Y qq= -^-9’b 


W- 


The partial wave content of the various projectors will be identified below. 
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( 17 ) 


V (w-q)(q-w) s 

1 qq o H H 

W Z 


We list the leading order projectors [^^jn for s-,p- and d-wave scattering 
with total angular momentum J — | explicitly 


d±) 
o 

d±)/ = 


[Y 0 (± \q,q;w )\ u =- 




± 1 


Pi (<?w;w)] n = 




± l 


tixiihLi) _ te .,)' 

■ iZ 


itr 


w ■ q 


w z 


i/j 




T 1 


w ■ q 


w z 




(18) 


As demonstrated in [20] these projectors indeed lead to reduced scattering 
amplitudes M^ iz \y/s;n) of the form (14). The loop functions are 


n) 


PnN IftN ( 's/s ) 


(\/l rnjf - ml 

V 2 2 y/s 


± m jy 


with the master function I w n(-\/s) given by 


(19) 


IqrN (^ J 


dH 


(27r) 4 l 2 — ml (l — w ) 2 — m% 

s - 2p nN 


1 / PnN 

16 7T 2 Y ^/s 
/1 nil + m) 


In 1 


m 2 + ml 


N 


m: — m 


AT 


2 ml — m? N 


In 


mz 


2 _ s m 2 N + 

PnN ^ 2 ' 


2s 

Kr ~ ml ) 2 

4s 


m 


hl A _ £+2p^V 
V ml + m z N J 

+ 1 ^ + Ariv(O) j 


AT, 


( 20 ) 


We recall [20] that the projectors with J = n + | require a physical 
mass dependent renormalization procedure with vanishing renormalized tad¬ 
pole contributions, I n —> 0 and /^v —> 0. The loop-orthogonality of projectors 
with different total angular momenta J and J 1 follows only in a renormal¬ 
ization scheme where tadpole contributions vanish effectively. Moreover, we 
observe that the pion and nucleon tadpole diagrams I n and In determine the 
master-loop function /^jv(\/s) at s — 0 via the algebraic identity 


I'1tn('\/~S 0) 9 9 (d/V I TV ) • 

rrr N - m 2 


( 21 ) 
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The identity (21), which can be verified in dimensional regularization, then 
leads to /^(O) = 0 in (20). We conclude that the renormalization prescription, 
to drop tadpole contributions in reducible diagrams, leads to finite expressions 
for all loop functions defined by the set of covariant projectors (15). 

The reduced amplitudes 6 M[f\y/s; n) of (13) have a unique interpretation 
in terms of the pion-nucleon scattering phase shifts and inelasticity 

parameter rV -., i [20]. The matching can be carried out in a straightforward 

manner by identifying the s-channcl unitarity cut of Af,'^ (^/s; n) and the 
partial-wave amplitudes f±\s) 


PnN f±\s ) = ~T 


V ( jh ± As) e 

< 2 


2 i 8 


(0 

~J=Z±. 


. ( s ) 


-1 


/i J, M = (P ' N 


\2 J—l 


8 7 T y/s 


'V± + m N ~ ml 


2 


/ 

± mi^j M (±) (\/s; J — \) ■ 


( 22 ) 


The angular momentum l of a given projector can be inferred from the thresh¬ 
old behavior of the associated loop function. From (19) it follows that S J^(y/s; n) ~ 
pIn +1 but $U$(y/s-,n) ~ plV~ 3 - This confirms the angular momentum as¬ 
signment implicit in (22). In the presence of inelastic channels the inelasticity 
parameter is smaller than the value for elastic scattering, rj — 1. 


The projectors of the rjN , K A and K E channels are identical to the ones of 
the pion-nucleon channels. Therefore they need not to be specified separately. 
For example in the isospin \ channel one has [TjW] n = \XrV\xy f° r x iV e 
{1,5, 6, 7}. In order to arrive at a convenient notation for the pion-induced 
pseudo-scalar meson production cross sections it is useful to generalize the 
notation of (22). Take as an example the pion-induced r/ production amplitude 
for which we write 


(±) _ y/s m 

iV 7T N — 2 + 

<■(2 T ( r ~ \ _ 
J ±,7rW —>rjN\v S ) — 


mz 


2 


±m N , 


N (±) _ vi , ™ 

ly V N — 9 + 


mz 


7yC±) 
ly nN WgV 

8 7T a/s 


(pr?7V PttTv) 
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(23) 


with a/s = + p, 2 ?7V + y Vn^+j^N- The expressions for the pion-induced 

pseudo-scalar meson production cross sections have the simple form 


*Tr p —> rj n 4 7T 
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For simplicity we suppress the isospin index in this paragraph. 
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where we have adopted a notation for the K A and K E production amplitudes, 
which is analogous to (23). We do not consider d-wave contribution in the 
?/iV, Jl A or A' E channels. Only with improved quality of the differential cross 
section data it would be possible to determine those channels reliably in our 
present approach. Moreover we do not address effects from isospin violation. 
We use the approximate mass parameters ttin — 939 MeV, m\ = 1116 MeV, 
m s = 1195 MeV, = 139 MeV, m v = 547 MeV and rn K = 494 MeV 
throughout this work. 


3 Pion-induced vector meson and isobar production 


Pion-nucleon scattering at energies larger than y/s > mjv+2 m w is complicated 
by the coupling to inelastic 2-pion channels. In our approach we approximate 
the three-body final state by including the pN and An channels [19]. The 
decay of the p meson and A isobar are taken into account by incorporating 
their energy-dependent widths. We do not consider the crN channel since it 
would be difficult to discriminate its effects from the nA channel which in 
our scheme is constrained by data only rather indirectly. The latter channel 
is viewed as an effective channel that takes into account some residual effects 
from the crN channel. We, however, consider the uN channel because its mass 
is almost degenerate with that of the p meson and the c u meson is expected to 
couple strongly to baryons. 

Before constructing the appropriate projectors required in (12) it is useful 
to describe the general framework within which our expressions should be 
considered. We assume that the vector-meson fields satisfy the Proca equation 
which follows from the Lagrangian density 

£ = “ 4 " ( d » P" P>‘) ( d ' 1 P U - QV P + 1 ^ p^ 

(d, - d u tu„) (> u v - d" c^) + \ ml a/* , (25) 

where we, for later convenience, allow for a wave-function renormalization. 
As is well known, the corresponding Feynman propagator sustains only (4- 
dimensionally) transverse modes. When interactions of the p meson with other 
fields are taken into account, its propagator is modified by the polarization 
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tensor Tlffl(q), which in vacuum has two independent components, 11^ (q) and 
IT x\q)- The p-nreson propagator is then given by 



The first term is the transverse component of the propagator, while the sec¬ 
ond one is the longitudinal one. In a scheme, where the vector meson cou¬ 
ples to a conserved current, the vector-nreson nucleon scattering amplitude 
is transverse, i.e. q p T^^ pN (q,q;w) = T^^ pN (q, q\ w) q„ = 0 vanish [25,26], 
However, in an approximation scheme, where the corresponding current is not 
conserved, the longitudinal self energy differs from zero and the longitudinal 
propagator may exhibit singularities, which correspond to the propagation of 
unphysical degrees of freedom. Thus it is preferable to work in a scheme with 
conserved currents, when possible. Nevertheless, in non-pertnrbative approx¬ 
imations, like the present one, there is no systematic way of implementing 
current conservation. We therefore employ an alternative scheme, which deals 
with this in a pragmatic way. 

From a practical point of view, the minimal requirement a model should satisfy 
is that a possible longitudinal mode should have a mass large enough so that 
it does not lead to cut structures within the domain of applicability of the 
model. The idea is to start with the most general interaction terms which 
then allows one to push the mass of the unphysical mode to a sufficiently 
high value by a suitable choice of parameters. In such an approach the vector- 
meson scattering amplitudes need not be transverse. Once the propagation 
of longitudinal modes is suppressed, the longitudinal parts of the scattering 
amplitude are not relevant. 

We illustrate this discussion with a simple calculation. To leading order with 
no interactions the vector-nreson fields satisfy the Proca equation. We add the 
typical interaction terms required for the modelling of the vector-nreson decay 
widths 


Cm = gp™ ((<9^7?) x 7f) + 2 e a0flu (d u cup) (<9^ p a ) vf. (27) 

Of course there may be more terms, which however are not relevant for the 
present discussion. Consider the lowest-order contribution to the p-nreson po¬ 
larization tensor n jfj(q), which in d dimensions is given by 
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—% — 
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(2 l-q), (2 l-q) v D r (l) D„(l - q) 
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( 28 ) 


= n<?V) + n<?V) 

The contribution of the second term in (27) to the p -meson self energy is small, 
and we neglect it. However, for the self energy of the u meson, which we discuss 
below, it plays a crucial role. The transverse and longitudinal components can 
be expressed in terms of the logarithmically divergent master loop function 
Imr(q 2 ) and the tadpole I n 

n?(« ! ) = (V -4 ml) (/„,(\/7) - 4,(0)) 

+ yk {2 - i) - 2{i - i) )i*)' 

n^V) = (29) 

where 

I-K-K^q 2 ) = J (2 n) d D ^ q 

4 = ^ /(2^^’ 4 " (0) 

In onr model, the p -meson polarization tensor does, according to (29), exhibit 
a longitudinal component. In contrast to that, the longitudinal polarization 
would be identically zero in a formulation, in which the p meson couples to 
a conserved current. We observe, however, that in onr scheme the p-meson 
propagator is also well behaved supporting exclusively the propagation of 
transverse modes for any choice of parameters. This is a consequence of the 
fact that the longitudinal polarization U^\q 2 ) is a constant (see (26)). It 
is clear that if additional interaction terms would lead to a contribution of 
the form = c p q 2 , which gave rise to unphysical propagation of lon¬ 

gitudinal modes with mass squared of m 2 p /c p , an appropriate counter term 
— c p (d IJ p ll ) (d u p v ) could be designed to exactly cancel this troublesome con¬ 
tribution. This has some similarity to the Stiickelberg mechanism [27]. 

The renormalization of the simple model (27) is performed by absorbing the 
tadpole terms in (29) into the bare parameters m p and 


l), 

2 -d 
2 nil 


(30) 


~ 9 ° 2 ~ 9 

m p = m p + 2 g 


P7T7T -^TT J 


c, = cf 


Upinr 2 d 

2 m 2 l — d 


(31) 


After the renormalization (31) is implied the limit d —» 4 can be performed 
smoothly. All together we arrive at the renormalized propagator 
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D<rJ( 9) = 9 „, 


~ ^WV) + ^T^SfV). 

q- ) q- 


B?V) = 


m: 


£>S?V) = 


C P (q 2 - m >) + IsJ™ (q 2 - 4m i) (ixwiV?) - »4,(mp)) 


( 32 ) 


where we performed an additional finite renormalization introducing the phys¬ 
ical p-rnass parameter m p ~ 779 MeV and the wave-function renormaliza¬ 
tion parameter ( p . The explicit form of the master-loop function /^(g 2 ) fol¬ 
lows from the expression I^n^Vo 2 ) given already in (20) if the formal limit 
uin —> m-v is applied. The coupling constant g p7rn ~ 5.79 and ( p ~ 1 follow if 
the model (27) is used to reproduce the p-wave m r scattering phase shift [28]. 

For later convenience it is useful to represent the p-meson propagator in terms 
of its spectral function p p (q 2 ), 


P( ,( 9 2 ) = MyV)©(Ap-9 2 ), 


/ 


4 


dm 2 

71 


Ppim 2 ) = 1 , 


(33) 


where the cutoff A p is required if one demands a normalized spectral function. 
The spectral density p p (m 2 ) is normalized to 71 by the choice A p ~ 1.34 GeV. 
It is convenient to work with a normalized spectral function because that 
will avoid a particular class of divergent terms which would otherwise arise if 
the dressed p-meson propagator is used inside loop integrals. From a physical 
point of view this is well justified because the simple model (27) is certainly 
incorrect at invariant masses q 2 much larger than the squared p-meson mass. 


We turn to the u meson. The interaction vertex given in (27) leads to the 
following expression for the transverse and longitudinal polarization functions 




nirV) 


39-6 
rnlq p A ~ d 1 — d 

0, 


■0jj(q 2 ‘ 2 -(i-q) 2 )D ( p(i)D,(i-q), 

(34) 


where we consider the effect of a dressed p-meson propagator in the loop in¬ 
tegral [29]. Since for the ui meson the interaction terms (27) lead to a vanish¬ 
ing longitudinal polarization tensor, the cn-meson propagator is well behaved 
supporting transverse modes only. The loop integration is most economically 
performed applying the spectral representation of the p-meson propagator. We 
write 
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(35) 


n^^(g 2 ) = j dm 2 p p (m 2 ) Ujf\q 2 , m 2 ), 


where we use the normalized spectral function introduced in (32, 33). The 
integral kernel in (35) is evaluated in space-time dimension d, 


n T\q 2 ,rri 2 ) = 


~j~T d (l ^ + I ^ (^ 2 - m l - 3 m l) J -p(°’ m p) 

I (V + - rnl) 2 - q 2 m 2 )j (l np (q 2 , m 2 p ) - I np ( 0, m 2 p ))\ , (36) 


where we encounter exclusively the master-loop function I np (q 2 , rn 2 p ) and the 
tadpole terms I n and I p . At d = 4 the loop function I np (q 2 , rri 2 ) can be inferred 
from the analogous expression I^n^Vo 2 ) given in (20). Note that here we make 
explicit the dependence of the master-loop function Afe( \fq 2 ) — > Iab{ ( fi m b) 
on the mass parameter m&. The expression for the a;-meson polarization is 
renormalized by absorbing the diverging terms proportional to q 2 and (q 2 ) 2 
into appropriate wave-function renormalization terms. For the renormalized 
polarization function Ylif^q 2 pm 2 ) we use 



where we performed a subtraction at the physical mass m u ~ 782 MeV for 
convenience. This permits the identification m w = m^ in (25). The parameter 
g Ufm — 7.57 is adjusted to reproduce the hadronic decay width of the u> meson 
with T w ~ 8.4 MeV where we assume here Cu — 1 for simplicity. By analogy 
with the p -meson spectral function (see (33)) we introduce a cutoff ~ 821 
MeV. This leads to the correct normalization of the cu-meson spectral function 
Pu)(rn 2 ), which is defined by (37,26). 


3.1 Projector approach for vector mesons 


We construct the relativistic vector-meson production amplitudes with total 
angular momentum J — \ and J = § by specifying the appropriate projectors 
introduced in (13). It is sufficient to present the projectors [V n W] 13 , [V/^] 31 
and [V n W] 33 of the inelastic pN channel for the isospin I = \ states. The 
remaining projectors follow then by analogy. For example in the isospin 1/2 
channel it holds \YjY ] x3 = \Y^] x4: - The J = | projectors are: 
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The J = | projectors are: 



It is a straightforward exercise to verify that the projectors (38,39) have in¬ 
deed the acclaimed property (14,15), provided that tadpole contributions are 
dropped systematically. We emphasize that the property (15) is sufficient as 
to prove that the projectors must carry good total angular momentum J. This 
is evident because only states with good total angular momentum J may de¬ 
couple the Bethe-Salpeter equation. Note that the J — § projectors couple to 
additional projectors, which probe the vector-meson nucleon state with angu¬ 
lar momentum L > 0. In general the projectors for the vector mesons acquire 
an additional 3x3 matrix structure which simply reflects the various angular 
momenta L accessible at given J. For the case J — \ that matrix collapses to 
a 2 x 2 matrix describing the coupling of the two states |p( r) lV, A = \,J = \) 
and | p^N, A = |, J= |) or alternatively the coupling of a s-wave and d-wave 
state. A third state // T ) N, A = A, J = |) existed only for J > i That follows 
because a transverse vector meson, p^ T \ cannot couple to a nucleon forming 
a hclicity A = | state if the vector meson and nucleon sit in a relative s-wave. 
In the J — \ channel the matrix structure of the projectors is defined with 
respect to specific linear combinations of helicity states | J — A 1) and | J = 2) 

defined as follows, 
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\ J =b 1 ) = \P {T)N ’ X = b J= D + 71V 1 + V 2 / m2 p |p (L) IV, A = ±, J= |), 
|J=l;2> = |p (i) ^,A = ±,J=l), (40) 

where (f is the vector meson’s three momentum. We point out that the particu¬ 
lar form of the linear combination is unique in the sense that only with respect 
to the | J= 1) and | J — 2) states it is possible to construct an associated 

covariant projector algebra P,j with i, j = 1,2. For other linear combinations 
there are kinematic singularities which prohibit a covariant interpretation of 
the helicity states defined in the center of mass frame only. We observe that 
the coupling of the P n to the P 2 2 projector is kinematically suppressed by 
the phase space factor p 2 pN . In other words the associated loop functions 
with i , j = 1,2 have the threshold property W7n ~ p pN , = W/ 2 i ~ P 3 p n 
and SJ 22 ~ p 5 p ]y■ It is evident that the transformation (40) leads to non- 
diagonal loop functions because it is not a unitary transformation. In more 
physical terms the transformation (40) is required because both helicity states 
|p (T) lV, 1,1) and |p (L) lV, |, |) carry non-zero s-wave components. The projec¬ 
tors given in (38) correspond to the leading |</=§; 1) state. 

Similarly the implicit matrix structure of the projectors of the J — | channel 
are defined with respect to the three states | J = § ;i) with i = 1,2,3 reflect¬ 
ing the presence of one s-wave but two d-wave states. We find the unique 
transformation 


\J = b 1 ) = \P (T) N,^ |) + \J\ y/l + q 2 /m 2 p |p (i) At,l, |) + ^ \p {T) N±, |) , 

\J=b 2 ) = \ P (L)N ’bi) + ^V 1 + 9 2 /^p|p (T) ^,|,|>, 

l J =|;3) = |p (T) lV,l,|),, (41) 

which leads to well defined associated covariant projectors with i , j = 
1,2,3. The projectors given in (39) correspond to the leading |J=|; 1) state. 
In this work we neglect the contribution of the P V] projectors with i, j ^ 1 since 
their contributions are suppressed close to the vector-meson nucleon threshold 
by at least the phase space factor p 2 N . To reliably describe the behavior away 
from threshold to order p pN would require the systematic inclusion of p-wave 
projectors also. 

The leading angular momentum L of a given projector follows in a 

straightforward manner by inspecting the threshold behavior of its associated 
loop function (see (15)). The required loop functions are first specified in the 
limit of zero-width vector mesons. In this approximation the loop functions of 
the pN channels are 

^33 + )(\/s, 0) = N p n(\/s ) IpN^yfs ) , J33 \\fs, 1) = J 33 + \\/s, 0) , 
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(42) 


NpN = 



PpN 
3 m 2 


(V± + ™ 2 N - m 2 p 

V 2 2 yfs 


+ m N 


5 


where = \Jm 2 N + p 2 N + \jm 2 p + p 2 N . The master-loop function I p m ( y/s ) is 
dehned at hand of the pion-nucleon loop function I w n(Vs) i n (20). The form 
of the loop functions in (42) at threshold indeed confirm that the considered 
vector-meson nucleon channels are s-wave like with L — 0. It is understood 
that I pN (Vs = 0) = 0 holds. Our final vector-meson loop functions are ob¬ 
tained by folding the result (42) with the normalized vector-meson spectral 
functions p p (q 2 ) and p u (q 2 ) as specified in (32,33,37). This is analogous to the 
folding performed when evaluating the cu-meson polarization tensor (35). Our 
final loop functions follow with 


00 J 2 

•4 ,+) (v^,0)- / — p P (P) 5.0), (43) 

J 7r 

4mJ 

where the integral in (43) extends over the implicit dependence of Vy i + ' > 0) 
on the vector-meson mass m 2 —> q 2 . The analogous folding is assumed for the 
J = | loop function. The loop functions of the uN channels are given by 
complete analogy with (42) and (43). 

In order to have a convenient notation for the pion-induced vector-meson 
production cross sections it is useful to generalize (22) and introduce corre¬ 
sponding partial-wave amplitudes /( /J± )(y / i). For example in the isospin | 
channel we write: 


/■( 22 b 

fnN^pN 
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8 7 r yfs 
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firN ->pN 
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8 7T yfs 


PnN M 3 2 \V~S, 1 ) 


(44) 


We derive the vector-meson production cross section in terms of the partial- 
wave amplitudes in (44). In the zero-width approximation one finds 
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( 45 ) 


We include the energy-dependent width of the vector mesons by folding the 
cross section with the appropriate spectral functions. For example the p-meson 
width is included by the replacement, 


/' dq* 2 

V-nN^pN ^ / - Pp(Q )^irN=pNi 

J 71 


4 mz 


(46) 


where the integrals in (46) extents over the implicit dependence of the bare 
cross section a n N^ P N on the vector-meson mass m 2 —> q 2 . We observe that the 
folding integral in (46) and (43) are closely related, which basically reflects the 
unitarity condition. This is clearly illustrated if the cross sections are written 
in terms of the original amplitudes M rather than the reduced amplitudes 
/. For instance one may rewrite the p + production cross section in (45) as 
follows: 
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(47) 


where M// 2 /^^) = m)) /2,+) (Vs, 0) and M®£/ fN (y/s) = m£' 2 ' ’(v'a.O). 
Similarly we write identify the loop functions (\/s ) = (\fs ) = 

4s /2 ’ +) (ys,0) (see (15)). 


4 Photon-induced meson production 


We wish to generalize our model to describe electromagnetic processes as to 
constrain our model parameters by data from photon-induced meson produc¬ 
tion off the nucleon. Provided that all hadronic amplitudes of the previous 
sections are well determined by the available hadronic data set a generalized 
vector-meson dominance assumption would predict a huge amount of electro¬ 
magnetic processes. Conversely, given a vector-meson dominance assumption 
the photon-induced reaction data may be used as a consistency check of the 
hadronic model. In this work we follow a mixed strategy in the sense that we 
use the ample data on the photon-induced meson production off the nucleon 
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to further constrain onr hadronic reaction amplitudes. This is advantageous 
because we found out that the present day hadronic data set does not com¬ 
pletely determine our hadronic model parameters^. Moreover, following this 
strategy avoids the fitting of some data over-precisely. One should not forget 
that the hadronic model constructed in the previous sections is rather crude 
and approximative. Thus it would be misleading to fix part of the model pa¬ 
rameters by fitting some precise data point with small error bars that are 
much smaller than those expected from the accuracy level of the model. We 
emphasize that there still remains a strong predictive power of our scheme to 
the extent that many channels for which good data are not available so far, 
or which are unlikely to be measured, will be predicted. 

It is useful to describe the framework within which we consider electromag¬ 
netic interactions and construct a generalized vector-meson dominance in our 
scheme. We will generalize Sakurai’s vector meson dominance conjecture by 
assuming that the electromagnetic quasi-local 4-point interaction vertices of 
our model are directly proportional to corresponding vertices involving the p- 
and ca-meson fields. The photon held A p must be included in a gauge invariant 
manner. For instance the kinetic term of the photon held, 

C kin = -\F, V F»\ (48) 

is expressed in terms of the held strength tensor F jJV = d p A u — d v A Since in 
our approach the vector-meson helds do not couple exclusively to conserved 
vector currents, an interaction vertex A^ p^ or A^uj^ suggested by Sakurai 
[25] would be in conflict with electromagnetic gauge invariance. We introduce 
the gauge invariant interaction terms instead 


Hint =ie.A )1 pl ) (dp pl +) - d v pJ, +) ) - i e A p p £ +) (d p p[ ] - d v pj, ] ) 
— e 2 (A ■ A^j (p( +) ■ p* - ^ + e 2 (A ■ p^) (A ■ p^) 



where we use 


pf = Pf > P? ) = 75 ± ipf) ■ ( 50 ) 

One observes that the terms in (49) proportional to f p and induce a 
vector-meson dominance type behavior for virtual photons giving the pho¬ 
ton hadronic pj) J - ) and uj p components as suggested by phenomenology. The 

' In view of this we question our preliminary results, which did not consider the 
photon induced reactions systematically, presented in [30]. 
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parameters f u and f p are determined by the e + e decay widths of the vector 
mesons 


m p r p — e + 

Wlu) r^e- e+ 



(51) 


where a = e 2 /( 47 r) ~ 1/137.04. The empirical decay widths T^ e + e - = 0.60 ± 
0.02 keV and T po _ >e + e - = 6.77 ± 0.32 keV lead to the values 


f p ~ 0.0357 GeV 2 , f u ~ 0.0109 GeV 2 . 


(52) 


On the other hand, it is evident that the terms proportional to f p or //, do 
not contribute to reactions involving real photons. Therefore in our present 
approach, in which we do not consider explicit hadronic 3-point vertices but 
only quasi-local two-body interaction terms, we need to introduce effective 
4-point vertices which involve the electromagnetic held tensor F jiV explicitly. 
Only then the scheme is capable to describe the process of photon-induced 
meson production. We show a few typical examples we have in mind 


F^N lp fd v {N tt), F^N^fNp u , •••. (53) 

It is instructive to discuss such quasi-local two-body interaction terms (53) in 
view of the vector-meson dominance picture. In the vector-meson dominance 
approach one insists that the photon couples to hadronic states exclusively 
via its hadronic components. Interaction terms as given in (53) are typically 
not considered. Rather they would effectively be generated by corresponding 
hadronic vertices of the generic form 


u^N^rNn, u^NrNpp, •••. (54) 

According to the original conjecture of Sakurai [25] the vector-meson converts 
into a real photon via the interaction terms A 11 p A and A^ui^. In our scheme 
the terms A 1 ' pj[7 and A^uj p are not allowed. In order to implement the suc¬ 
cessful vector-meson dominance assumption it is therefore natural to directly 
relate the strength of the 7 IV —>• X and p^ N —> X, uj N —> X vertices, where 
X is any hadronic final state. Note that our construction has similarities with 
the construction of Kroll, Lee and Zumino [26] only that here we refrain from 
insisting that the vector mesons couple to conserved currents only. 
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We specify the generalized form of the vector-meson dominance conjecture as 
applied for the direct photon-induced production vertices K^ x l ^ x (q J q:w): 


1 (tX s)>A* > 

2 l/W p^X “T - fv 7 n^Ay 

1 (q,q-,w) 

= e K^l N ^ x {q, q- w) T^(g; w) , 


1 ( I ^ 

2 f JV 7 p^X ~ A 7 ti-*X y 

1 (q,q;w) 

= 75 kI? p n^x(q, A w) F y M (g; w ), 


K^xiq, q;w) = e y 

f2 K (l) 

3 lx v,pN- 

^x(q,Q', w )F V v{q;w) , 


K^ x (q, q; w) = e v 

3 lx u,pN- 

?;w) F u y(q-,w) , 

(55) 


where X stands for any hadronic two-body final state with isospin /. The 
transverse isoscalar Fg l/ (q;w) and isovector Fy(q;w) objects are to be speci¬ 
fied transition tensors. Note that the factors l/\/3 and yj 2/3 in the p -meson 
contribution follow from the definition of the isospin state in ( 8 ). We empha¬ 
size that our generalized vector-meson dominance assumption is defined with 
respect to the unique projector algebra introduced in the previous section. 
As is evident from (55) we rely on a particular off-shcll interpretation of the 
hadronic production vertex, which is given by the form of the projectors. For 
the transition tensor F'^'y^ (q\ w) we make the most general ansatz, 
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(56) 


that is compatible with a vertex involving the held strength tensor (see 
(53)). We note that we can not exclude the possibility that the coupling con¬ 
stants and are weakly dependent on the total energy *Js in some 
polynomial fashion. We emphasize, however, that any further possible term in 
(56) would either renormalize the already existing terms or be in conflict with 
gauge invariance. Here we exploit the fact that our model does not consider any 
of the hadronic 3-point interaction vertices explicitly. Such interaction terms 
are supposed to be integrated out with their effect being absorbed into the 
quasi-local 2 -body interaction terms. As a direct consequence the photon can 
couple to hadrons in K lN _, x exclusively via the electromagnetic held strength 
tensor The parameters and g^- will be determined by the photon- 
induced meson production data. In fact the coupling constants 3 do not 
contribute in processes with real photons obviously. The ratios y/3 g^/g{t,- 
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may be identified with fu>/f P — 0.3 naively. In onr scheme we consider all pa¬ 
rameters j as free, because we would like to avoid the poorly controlled 
extrapolation from virtual photon kinematics with q 2 ~ down to the real 
photon point at q 2 = 0 . 

The generalized vector-meson dominance conjecture (55) leads to the 7 -induced 
production amplitudes, T^!^ x (q, q; w), 
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that are directly proportional to the corresponding vector-meson induced pro¬ 
duction amplitudes. This is a consequence of the generalized vector-meson 
dominance conjecture (55) and the particular form of the interaction kernel 
( 12 ). 


Given the generalized vector-meson dominance assumption (55) we can now 
derive photon-induced meson production cross sections in terms of the hadronic 
reaction amplitudes of the previous sections. In analogy to (44, 45) we ex¬ 
press the production cross sections in terms of reduced reaction amplitudes, 
fhyN^x ; where the lower index h specifies their helicity projection and the 
signature ± their parity. We provide explicit expressions of meson-production 
cross sections for reactions where multipole amplitudes are not established so 
far, 
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(58) 


The reduced amplitudes, fh^x^xi are determined by the invariant amplitudes 

(y/s\ J— |) in the isovector and M^ ± \y/s; J—\) in the isoscalar channel. 
The helicity index h is required for the J — | channel because the invariant 
amplitudes introduced in (13) couples to two distinct multipole amplitudes. 
The helicity projection is h = \ for J = | but h — | for J — |. Note 

that, if we were to consider the effect of the kinematical suppressed states in 
(40, 41) an analogous index would be needed for the hadronic amplitudes. We 
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illustrate our notation at hand of the nN channels, 
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The difference of proton and neutron production amplitudes not specified 
in (59) follows by analogy with (57). The normalization factor for the 
pseudo-scalar channel was introduced already in (23). It remains to specify 
the normalization factors for the initial state, 
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Note that the normalization factors (60) do not involve the vector-meson dom¬ 
inance parameters g^v)v The reliable determination of the latter parameters 
requires the study of further multipole amplitudes, which couple to nN states 
not considered in this work. We imply a notation analogous to (59, 60) for the 
K A, KT, and rjN channels. 


For photon-induced pion production it is more appropriate to compare with 
the multipole analysis [31]. We identify the electric and magnetic multipole 
amplitudes E\^ and (see e.g. [32,33]) by 
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The matching of the multipole amplitudes in (61) is determined only up to 
an overall phase reflecting a particular convention for the production ampli¬ 
tude. The phase ambiguity reduces to a sign ambiguity if we insist on the 
reality of the interaction kernel n) in (16). In our present scheme 

the overall sign of a given off-diagonal hadronic amplitude with fixed isospin 
and total angular momentum may be flipped by a simultaneous sign change 
of all off-diagonal coupling constants in that channel without affecting any 
hadronic reaction cross section considered in this work. It is evident that pre¬ 
cise differential hadronic production cross sections and polarization data, not 
available in most cases, could eliminate any phase ambiguity at least in prin¬ 
ciple. We emphasize that in our scheme all phases of the hadronic amplitudes 
are determined unambiguously once we incorporate the constraints from the 
photon-induced pion production data as parameterized conveniently in terms 
of the multipole amplitudes. 

Finally we present the cross sections for photon-induced vector-meson pro¬ 
duction. We emphasize that these production processes, once they are studied 
experimentally in sufficient detail, offer the most stringent consistency test of 
the hadronic VN VN scattering amplitudes. It would be desirable to estab¬ 
lish a multipole analysis of the photon-induced vector-meson production data. 
This offers a powerful means to verify or disprove any type of vector-meson 
dominance assumption and permits in the former case a detailed consistency 
check of the various hadronic amplitudes with different angular momenta. At 
present there are basically only total cross sections available, for which we 
present explicit expressions, 
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in terms of the reduced amplitudes. As is implicit in (62) the description of the 
7 A —> VN process requires various multipole amplitudes even at energies close 
to the production threshold. In order to determine the amplitudes separately 
experiments with a polarized beam and target are required. We emphasize 
that our model predicts all multipole amplitudes of the 7 A VN process 
required to describe the vector-meson production process in any detail for 
energies close to the production threshold, 
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5 Results 


In this section we present the results of our fits to the data set. In accordance 
with the effective held theory approach introduced in the previous sections 
only data in an appropriate kinematical window is used in the analysis. The 
threshold for elastic scattering is at y/s ~ 1.1 GeV, while that for vector- 
meson production off a nucleon is at a/s ~ 1.7 GeV. Because we do not 
expect our scheme to be efficient close to the clastic pion-nucleon threshold, 
we fit only data in the energy range 1.4 GeV < a/s < 1.8 GeV. We use the 
ansatz (16) with energy independent interaction matrices that param¬ 
eterize quasi-local two-body interaction vertices of defined isospin and total 
angular momentum. In the model we include four spin and isospin channels 
with / = |, | and J — \ , §. For each value of spin and isospin, channels with 
different mesons and baryons are coupled by the interaction matrices. In our 
scheme, an acceptable fit to the data in these channels requires that the s- and 
d-wave baryon resonances 1V(1535), 1V(1650), 1V(1520), A(1620) and A(1700) 
are generated dynamically. This is in contrast to the more conventional ap¬ 
proaches [34,15-17,35] where such resonances are already part of the interac¬ 
tion kernel. Our approach leads to loop functions (see e.g. (19)) and scattering 
amplitudes that are analytic and satisfy the expected dispersion-integral rep¬ 
resentation implied by micro causality of local quantum held theories. 

The set of parameters is adjusted to describe the partial-wave pion-nucleon 
phase shifts including their inelasticity parameters. Furthermore the pion- and 
photon-induced production cross sections of pseudo-scalar meson and vector 
mesons are included in the fit. The production cross sections provide crucial 
information on the coupling to specific channels, which obviously cannot be 
extracted from the inelasticity parameters of the pion-nucleon phase shifts 
alone. Ideally one should try to fit the two-pion data directly rather than pos¬ 
sibly model dependent production cross sections for the different sub channels. 
However, in the present scheme, which does not include e.g. the p-wave chan¬ 
nels, this would not make sense because potentially important contributions to 
the total cross sections are missing. We point out that the relative distribution 
of the various inelastic channels is constrained by the pN and it A production 
data because these data clearly prevent an overestimate of the inelasticity into 
the two-pion channel. Here we exploit the fact that the inelasticity parameters 
of the 7 tN phase shifts define the total inelastic strength. We checked that the 
sum of the partial isobar-production cross sections of our fit does not exceed 
the measured total nA cross sections. Since for this channel differential cross 
sections are not available and since there is no reason to expect the production 
cross section to be dominated by s- and d-waves at the energies considered, 
we do not fit the isobar production cross sections directly. Moreover, we note 
that the angular distribution of the two-pion production data is to a large ex¬ 
tend already encoded in the inelasticity parameters of the pion-nucleon phase 
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shifts, provided that the relative importance of the dominant inelastic two- 
pion channels pN and 7 tA are treated correctly. 

In some of the data sets, like e.g. the total cross section for the reaction 
7 T~p —> p°n, only a few points are included in the fit, while e.g. for the nN 
phase shifts about 25 data points per channel, with fairly small error bars, are 
considered. Consequently, if one naively sums up the chi-squared errors of all 
data sets, a poor overall agreement with a small data set would be punished by 
only a small increase of the total chi-squared. This would lead to an undesired 
imbalance between the large and small data sets. In order to obtain a uniform 
reproduction of all data sets, we therefore introduce weighting factors, which 
enhance the weight of small data sets, when otherwise a reasonable overall 
description could not be obtained. Moreover, for the production cross sections 
we reduce the upper limit of the fitting window down to values where we ex¬ 
pect the cross section to be dominated by s-wave dynamics. In view of this 
it does not make too much sense to provide the final chi-squared of our fit. 
The parameter search is performed with the FORTRAN routine MINUIT [36]. 
The statistical error in the coupling constants of the fit are estimated in the 
standard way by using the MINUIT error analysis. For our final solution we 
find that one standard deviation corresponds to an error of typically one per¬ 
cent in the coupling constants. This is certainly an underestimate of the error 
for two reasons. First, the sample is not statistical due to the weighting pro¬ 
cedure. Second, the systematic errors, due e.g. to approximations and model 
assumptions, are not accounted for. However, it is very difficult to estimate 
these errors. The expected errors obviously propagate into the resonance cou¬ 
pling constants discussed below. Thus, the relative statistical errors of these 
parameters are expected to be of similar magnitude. The reader may judge 
the quality of the fit by the detailed comparison of our model results with the 
data presented below. 

The empirical pion- and photon-induced vector-meson production data are of 
crucial importance to our fit. Only when they are included it is possible to 
determine the vector-meson nucleon scattering amplitudes, the primary goal 
of this work. In Fig. 1 we compare the results of our model for the p- and 
cu-meson production cross sections with data. Only the first few data points 
are included in the fit, since one can expect s-wave dominance only close to 
threshold. Note that a reliable separation of the partial wave would require 
differential cross sections, which in many cases are not available. The deviation 
of our model from the empirical cross section at energies \fs ~ 1.8 GeV and 
above leaves room for the contribution from higher partial waves, in particular 
the p-waves, not included in our model. 

The bumps in the p -meson production cross section at A /s below 1.7 GeV 
are due to the coupling to resonances below the nominal threshold, like the 
1V(1535) and A(1620). This illustrates the important role these resonances 
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Fig. 1. Pion-induced vector-meson production. The data are taken from [37-39]. 

may play in the p-nucleon dynamics, in qualitative agreement with the find¬ 
ings of Manley and Saleski [19]. As compared to our previous analysis [30], 
where we did not consider the photon induced reactions systematically, we 
find a much reduced importance of the 1V(1520) resonance for the subthresh¬ 
old p° production cross section. Note that the very first data point which was 
questioned in [40] was not included in the fit. 

The large discrepancy between the analysis of Manley et al. [19] and that 
of Brody et al. [37], as shown in [40], illustrates the ambiguity inherent in 
the extraction of the p-meson production cross section, in particular below 
the nominal threshold. Within our model we are able to find a consistent 
description of the p production cross section of Brody et al. and the E 2 - and 
M- 2 - multipole amplitudes. Given the vector-meson dominance assumption, we 
find it difficult to accommodate a coupling of the 1V(1520) to the pN channel 
of the strength found by Manley et al. [19]. 

We find that the oj meson couples strongly to the iV(1520), iV(1535) and 
1V(1650) resonances. This is manifest in the ujN scattering amplitudes, pre¬ 
sented in the subsequent sections. Due to the small width of the u meson, 
the subthreshold resonances are not visible in the <u-meson production cross 
section shown in Fig. 1. Note that the production cross section was measured 
at fixed relative momentum in the final state[38] while the calculation is done 
at fixed energy. This leads to an uncertainty in the energy resolution close to 
the production threshold which is on the order of the u;-meson width. For a 
recent K-matrix analysis of this cross sections see [42], 

In Fig. 2 we compare our photon-induced p- and a;-meson production cross 
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Fig. 2. Photon-induced vector-meson production. The data points are taken from 

[44]. 

sections with the data. Using the generalized vector-meson dominance con¬ 
jecture (55,56), the photon-induced meson-production amplitudes are given 
in terms of the amplitudes for the corresponding vector-meson induced reac¬ 
tion and the four coupling constants, f/sV, and g ^, 9v\ specifying the 
vector-meson dominance assumption. Our best fit is obtained for 

<}sl = 0-083 , g {§ = 0.469 , g { £ = 0.000 , g$ = 0.241 .(64) 


We recall that the deviation of \/3 9si /gyi from the ratio f u /f p — 0.3 is a 
measure for the importance of an off-shell extrapolation from virtual photon 
kinematics at q 2 ~ down to the photon point q 2 = 0. The parameters f w 
and f p are determined by the decay of the vector mesons into lepton pairs and 
therefore correspond to virtual photons with q 2 = m 2 or q 2 = m 2 . The fact 

that we find V5g$/g$ ^ f u /f p but V3g$/g$ < f u /f p demonstrates 
that this off-shell extrapolation is quite non-trivial. Although the deviations 
from the naive vector-meson dominance expectation are strong for the gs(v ),2 
parameters, the generic picture with g'^l < gy-} is conhrmed. In the fit we 
again include only the first few data points close to threshold, where one can 
expect the s-wave contribution to dominate. While our model describes the 
p°-meson production cross section reasonably well, it deviates strongly from 
the empirical cn-meson production cross section at a/s ~ 1.8 GeV where the 
data points start. On a qualitative level, the discrepancy may be understood if 
the cn-meson production cross section is dominated by the one-pion-exchange 
contribution, as suggested by one-boson-exchange models (see e.g. [43]). Since 
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the one-pion-exchange interaction is long ranged, this would imply that there 
are important contributions to the angle-averaged cross section from higher 
partial waves, which are not considered in our scheme at present. Note that 
the same argument applies for the pion-induced p-production cross sections of 
Fig. 1 which also allow for a t-channel one-pion-exchange contribution. On the 
other hand, it is evident that there is no one-pion-exchange contribution in the 
7 r~p —> ton reaction. The same holds for the yp —* p°p reaction provided that it 
is dominated by its isovector amplitude as suggested by (64). Consequently one 
expects the interaction in these channels to be short ranged and higher partial 
waves to be less important. The corresponding cross sections are described by 
our model fairly well up to higher energies suggesting that higher partial wave 
contributions are indeed small. In Fig. 2 we also show our prediction for the 
y-induced p + -production cross section. At present there are no data available 
for this reaction close to the production threshold. 

In the remainder of this section we discuss the results that are specific to 

the four spin- and isospin-channels. For a channel with given isospin / and 

angular momentum J we list the coupling constants </ /=b i, confront our model 

J 2 

with the appropriate pion-nucleon phase shift and if available present further 
relevant data on inelastic reactions. The resulting scattering amplitudes are 
compared with a schematic resonance exchange model. The discussions are 
most detailed for the An and _D 13 channels and arguments which apply to all 
channels are not repeated. 


5.1 I J p — channel 

In the I J 1 ’ = \ \ sector we include the tiN, 7tA, pN, uN, r)N, K A and 
KT, channels. In order to reduce the number of parameters we impose a par- 
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Table 1 

Expansion coefficients c;^ as defined in (65). The first 10 columns are the coefficients 
for the isospin one half channel, the proceeding columns provide the coefficients for 
the isospin three half channel. For the labelling of the channels see (8). 
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MBH1 



OH 


r]N[n = 1] 



irN[m = 1] 

3.35 

-30.55 

6.36 

9.78 

-2.29 

1.24 

-2.66 

7tA[?b = 3] 

-30.55 

0.00 

-10.98 

-14.02 

15.48 

-19.36 

14.35 

pN[m = 1] 

6.36 

-10.98 

10.66 

3.13 

-5.50 

3.61 

1.86 

u>N[m = 1] 

9.78 

-14.02 

3.13 

16.36 

-9.35 

-9.16 

8.56 

rjN[m = 1] 

-2.29 

15.48 

-5.50 

-9.35 

7.33 

-6.75 

-6.83 

id A [ to = 1] 

1.24 

-19.36 

3.61 

-9.16 

-6.75 

3.30 

1.75 

AS [to = 1] 

m 

14.35 

1.86 

8.56 

-6.83 

1.75 

15.45 


Table 2 

Coupling constants in the IJ P = ^\ channel. We use ?% = 139 MeV. 

tial SU(3) constraint on the coupling constants. The interaction strengths of 
the four pseudo-scalar channels nN, r)N, idA and idE are given in terms of 
6 parameters only, corresponding to the number of available SU(3) invariant 
tensors. This leaves us with all together 24 parameters in this channel. Note 
that in our present scheme it would not be justified to insist on SU(3) relations 
in the vector-meson nucleon channels, because some of the channels required 
in a SU(3) symmetric description like K lt A and d /t N are integrated out. In 
order to implement the SU(3) relations we decompose the coupling matrix for 
i,j = 1, 5, 6, 7 in SU(3) invariants 



fc=i 


(65) 


The expansion coefficients and the best-fit values of the parameters hi are 
listed in Tab. 1. We note that the k — 1 term in (65) has the SU(3) tensor 
structure of the Weinberg-Tomozawa term. As shown by the sizable values 
of hk for k > 1, we find that the flavor structure of the Weinberg-Tomozawa 
term is not sufficient to describe the data in the pseudo-scalar channels. This 
is not surprising because in our scheme the interaction kernel represents the 
scattering amplitude at y/s = 0 where there is no reason to expect that the 
Weinberg-Tomozawa interaction dominates the amplitude. The complete cou- 
pling matrix g 0 2 ’ is given in Tab. 2. Since there are important components 
in basically all channels, it is difficult to select a dominating channel. In par¬ 
ticular we find no reason to single out the pseudo-scalar channels. 


The pion-nucleon phase shift and the inelasticity parameter are well repro¬ 
duced by our model as demonstrated in Fig. 3. The phase shift and inelastic¬ 
ity parameter show characteristic structures at y/s — 1535 MeV and y/s — 
1650 MeV, which correspond to the I J p = \ \ baryon resonances 1V(1535) 
and V(1650). In contrast to the work of [47,48], where only the pseudoscalar 
channels were included, we ford that both resonances can be generated by 
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coupled-channel dynamics. This illustrates the importance of the additional 
channels that are included in our model, in particular the pN and ujN chan¬ 
nels. Clearly a description of the scattering data at energies beyond y/s — 1550 
MeV is impossible in a scheme where the second resonance, 1V(1650), is miss¬ 
ing. 

We now turn to the multipole amplitudes of the 7 -induced pion production 
process. Given the generalized vector-meson dominance conjecture, the mul¬ 
tipole amplitudes Eq+(Su ) and E$(S n ), shown in Fig. 4, are related to the 
pion-induced vector-meson production amplitudes. Thus, the constraints pro¬ 
vided by the multipole amplitudes are similar to those of the pion-induced 
vector-meson production data, however, the amplitudes are tested also at en¬ 
ergies below the vector-meson production threshold. Furthermore, the mul¬ 
tipole amplitudes correspond to combinations of the n N —> p/coN ampli¬ 
tudes that differ from those probed in the pion-induced vector-meson produc¬ 
tion processes. In particular, there is interference between the isoscalar and 
isovector amplitudes which gives a handle on the relative phases of the am¬ 
plitudes. The multipole amplitudes clearly reflect the presence of the s-wave 
nucleon resonances IV(1535) and IV(1650). Within the window of applicability 
1.4 < y/s < 1.8 we obtain a satisfactory description of the multipole am¬ 
plitudes. Close to the production threshold we do not expect our model to 
describe the multipole amplitudes well, in particular the real parts, because 
the strong energy dependence implied by the one-pion exchange contribution 
is not treated properly in our present scheme. 



Fig. 3. Pion-nucleon scattering phase shift <5s n and inelasticity parameter r)Su of 
the Sn channel. Our results shown by solid lines are compared to the single energy 
solution SP98 of [45,46]. 
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It is instructive to discuss the pseudo-scalar meson-baryon scattering lengths 
in some detail. A reliable extraction of a given scattering length from the data 
set requires that the model considers all rapid energy variations induced for 
example by the opening of inelastic channels or the presence of close by reso¬ 
nances. For instance the rjN threshold is quite close to the iV(1535) resonance. 
Thus a good value for the rjN scattering length should be based on a model 
describing the iV(1535) resonance in a realistic manner. Similarly we expect 
that it is important to consider the inelastic pN and u)N channels when deriv¬ 
ing the K A and K E scattering lengths, simply because the threshold values 
of those four channels are quite close to each other. Since we consider all 
above inelastic channels, we are convinced that our model permits reliable 
extractions of the pseudo-scalar meson baryon scattering lengths: 

a$ ~ (0.43 + i 0.21) fin , ~ (0.26 + i 0.10) fin , 

a Kj: — (—0.15-M0.09) fm, 4fs - (-0.13 + i 0.04) frn. (66) 

We observe that our value for the eta-meson nucleon scattering length is quite 
consistent with previous analyses [34] with a V N — (0.51 + i 0.21) fm, and [49] 
with — (0.55 + i 0.30). For a detailed discussion of the various analy¬ 
ses including a more complete collection of references we suggest the recent 
work by Green and Wychech [50]. Their latest scattering length, which favors 



Fig. 4. Multipole amplitudes E^(Su) and (S\ i ) of y-induced pion production. 
Our amplitudes are confronted to those of the single energy analysis SM00 of [31,46] 
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a relatively large real part of about 1 fm, was obtained by a simultaneous 
analysis of the pion and photon induced eta production data. For the kaon- 
hyperon scattering lengths the existing literature is much more sparse. The 
value ax a — (0.06 + i 0.03) fm was obtained recently in [51] in a coupled chan¬ 
nel approach which does not consider the important pN, ooN and 7 tA channels 
(see also [15]). Their value differs from our result in (66) by about a factor 
four. 

The values for the scattering lengths derived in our work are a particular in¬ 
terpretation of the pion- and photon-induced eta and kaon production data 
of Fig. 5. The pion- and y-induced kaon production cross section with an 
associated £ hyperon will be shown in the next section when presenting the s- 
wave dynamics in the isospin three half channel. The discrepancy of our model 
and some of the cross section data in Fig. 5 starting somewhat above thresh¬ 
old is expected since higher partial waves are not included in the analysis. 
The s-wave dominance for the considered reactions is confirmed qualitatively 
by available differential cross section data [52,54,55]- Note that there is no 
one-pion-exchange contribution in any of these cross sections. An improved 
treatment would profit from high quality differential production cross sections 
and polarization data not available for all reactions at present. 



Fig. 5. Pion- and y-induced r/N and I\ A production cross sections. The data are 
taken from [52,53,39]. 
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5.1.1 Scattering amplitudes 


Our model analysis leads to well defined vector-meson production and vector- 
meson nucleon scattering amplitudes. These amplitudes constitute the central 
result of our work. In Fig. 6 we present the pion-induced vector-meson pro¬ 
duction amplitudes introduced in (133). The vector-meson nucleon scattering 
amplitudes are displayed in Fig. 7. The fV(1535) and 1V(1650) resonances lead 
to peak structures in the imaginary parts of the subthreshold amplitudes. 
Those structures reflect the subthreshold strength seen in the p-meson pro¬ 
duction cross section of Fig. 1. It is convenient to represent the result in terms 
of the reduced scattering amplitudes fvN^vW^)^ 


A 2 2 +) 

JpN^pN 


(Vs) 


f (2 2+) 

J luN—kuN 


(Vs) 


N p n(Vs) 

8tt 

Nujn(Vs) 
8tt i/s 


■M ( J + \V~s,0), 


(67) 


where the normalization factor N p n(\/s) and N uj n(Vs) was introduced in 
(42). In iVp 7 v(\/s) we use the nominal p-meson mass m p = 779 MeV as in¬ 
troduced in (32). The vector-meson nucleon s-wave scattering lengths with 
/ = J = \ can be read of Fig. 7 at a/s = + my- It is evident from Fig. 7 

that the repulsive cn-meson nucleon scattering length is a direct consequence 
of the close by N(1650) resonance just below the ooN threshold. The p-meson 
nucleon scattering length is small and attractive in this channel because the 



Fig. 6. Pion-induced vector-meson production amplitudes with I = J = / The 
solid and dashed lines represent the real and imaginary parts of the amplitudes. 
The dotted lines follow from the schematic resonance exchange model defined in 
( 69 ). 
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N(1650) resonance couples weakly to the pN channel and because the real 
part of the amplitude is strongly affected by an attractive background term 
effect. The scattering lengths are an important piece of information required 
for the study of vector-meson propagation in a dense nuclear environment, 


a % 2) = fp¥+l N ( m N + m p ) ~ (0.17 + i 0.16) fm, 

a l 2 N ) = + m u )~ (-0.45 + i 0.31) fm. ( 68 ) 


We analyze the scattering amplitudes in more detail within a schematic res¬ 
onance exchange model. The amplitudes can be represented in terms of the 
coupling constants g^, gy^, the phases cp '^), (/>$, and the background pa- 

(ii) (ii) 

rameters b n 2 ^ VN and VaLv'ao 


AU+) ( sz) ~ _ 

Jvn->v'n\v s ) — 


iA 153 A 

e v w 


(1535)| | (1535)| 


\9vn \ \g 


V’N 


e v w 


(1650)| | (1650)| 


\9vn \ 1 9 


V'N 


m 1535 + f T 1535 




^1650 + f r 1650 


7 (§ 2 +) 

bvN->V’N ) 




Fig. 7. Vector-meson nucleon scattering amplitude with I = J = \. Solid, dashed 
and dotted lines as in Fig. 6. 
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fi 2 N 2 -^VN(Vs) ~ 


l t 7T V 


| 9 S 35) I Is 


(1535)| 
VN 


■ / (1650) . 

l l Kv | g 


(1650) | 
7rN I 


1 9 


(1650) | 
VN 


A fs ~ '(^1535 + | r 1535 
(33+) 


A fs ~ '^1650 + | T 1650 


h 22 

°ttN 


>VN 


(69) 


Our amplitudes, as shown in Figs. 6, 7 by solid lines for the real parts and 
dashed lines for the imaginary parts, may be crudely interpreted in terms of 
the resonance parameters collected in Tab. 3. These parameters were obtained 
by fitting the amplitudes in the resonance region. Thus, the resonance mass 
and width parameters were fixed by fitting the elastic omega-meson nucleon 
amplitude. The coupling constants of the N(1535) and N(1650) resonances to 
the pN channel were then determined from the uN —» pN amplitude using 
the previously extracted resonance mass and width parameters. Similarly the 
coupling strength of the resonances to the nN channel were obtained in terms 
of previously determined parameters by adjusting to the pion-induced co¬ 
production amplitude of Fig. 6. We find particularly striking the quite different 
phase parameters 0(0 of ~ —9° and ~ —90° for the iV(1535) and iV(1650) 
resonances. Note that consistency of the resonance exchange picture requires 
the phase relation, 


<f>02 - 4 ? - 4$ a (70) 

which is reasonably well satisfied for the N( 1535) resonance. The background 
parameters, part of our schematic resonance exchange model, may be viewed 
as resonance-subtracted effective scattering lengths, 


b^l ] N ^N- (0.10 + i 0.09) fm, 

b +,H N -*u> N - (°- 15 + 1 °- 15 ) fm > 

(-0.07 + i 0.02) fm, 


(0-07 + i 0.05) fm, 

b + 2 p N ^p N - (°- 21 + * °- n ) fm A 


(71) 


In Fig. 6 and 7 we included the result of the schematic model (69) for the 
vector-meson production and scattering amplitudes shown by thin dotted 
lines. As is clearly demonstrated the strong energy dependence induced by 
the nearby rjN and K A thresholds prohibits a quantitative application of the 
resonance exchange model (69). In particular there is no unique interpretation 
of the N(1650) resonance contributions in terms of simple coupling strengths 
to the nN, pN channels. It is instructive to compare the background parame¬ 
ters bvN^VN with the scattering lengths clvn^vn given in (68). One concludes 
that a substantial fraction of the scattering length is a background term effect. 
We emphasize that such background term effects are crucial for the proper de¬ 
scription of the in-medium propagation of vector mesons in nuclear matter. 
They act like an effective mean held which shifts the energy of the in-medium 
vector-meson state. 
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QttN 

9ujN 

9pN 

</>™ [°] 

K [°] 

K P [°] 

m[MeV ] 

T [MeV ] 

1V(1535) 

0.19 

0.39 

0.20 

-8.5 

-7.5 

2.7 

1513 

69 

77(1650) 

0.04 

0.45 

0.00 

-89.3 

- 

- 

1624 

60 


Table 3 

Resonance and background parameters in the IJ P = 4 4 channel . 


We wish to make three points here. First, the schematic representation (69) of 
the amplitudes is respecting the unitarity condition only approximatively. In 
the presence of two resonances or a background term the Tmitarization’ of the 
amplitudes is not unique. Since we aim at only a qualitative interpretation of 
our result we do not use a more complicated and necessarily less transparent 
representation of the amplitudes. In any case, the course of improving the rep¬ 
resentation (69) would ultimately lead us back to the original model or some 
improved version of it. Second we point out the importance of the background 
terms b in (69). It is clear that one may view the background terms as a partic¬ 
ular model for the energy dependence of the resonance self energy. And third, 
even the most general off-shell behavior in the meson-baryon resonance vertex 
function, defines only a particular and incomplete model for the background 
term. One may always write down further 4-point interaction terms, in the 
spirit of effective field theory, which would alter the background term at will. 

In the following subsection we will further study the schematic resonance 
coupling constants by relating the parameters of Tab. 3 to the most general 
and covariant 3-point interaction vertices describing the coupling of the on- 
shell resonances to the meson-baryon pairs. We will compare our results with 
recent values for the resonance coupling constants obtained by Brown and 
Riska [56] within the quark model. 


5.1.2 Resonance coupling constants 

The appropriate covariant interaction terms which couple the resonances A^(1535) 
and A^(1650) to the pion-nucleon channel are readily constructed, 


r k> tN) 

*- / i i- 
2 2 


J_ (1535) 
^ J-it N 


N 1535 7T-rN+^fi W50) 


7 TN 


Ni 650 7? • t N + h.c., 


where we identify, 


(72) 


R1535) 

JnN 


,.(1650) 

JitN 


8 7 T 7711535 

\ AlViisss) 


8 7T migso 
( m 165o) 


(1535) 

y-rrN 


(1650) 


~ 0.85, 

~ 0.19. 


(73) 
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Note that we do not consider further interaction terms in (72) which are redun¬ 
dant if the resonance, the nucleon and pion are strictly on-shell. As discussed 
above such terms do affect the background terms in the pion induced vector- 
meson production amplitudes of Fig. 6. Here we do not take up this issue 
since we believe that the reliable determination of any background parame¬ 
ter is possible only via a coupled channel analysis. The coupling constants 
f^N/RR — 3-6 and |/Itv.srI — 2-5 of Brown and Riska [56] differ significantly 
from our values given in (73). We use a subscript ’BR’ to identify the coupling 
constants of [56]. On the other hand, our value for the N(1535) resonance 
coupling constant compares favorably with the analysis [34] where the value 
|/^ 35l | ~ 1.2, representative for various analyses, was obtained. The coupling 
constant j/^ 50 ') — 2.0 of [34] is significantly larger than our result. This 
may reflect the fact that the it A and pN channels, which are expected to be 
more important for the heavier resonance, were not explicitly included in [34], 
Moreover, the extraction of the N(1650) resonance coupling strength to the 
7 tN channel from the nN partial-wave amplitude is obscured by a substantial 
background, which introduces a large ambiguity in the resonance width and 
coupling parameters. Note that we do not consider a possible phase parameter, 
in the resonance coupling constant 8 , 


fS = \fS\. (74) 

It is evident that only relative phases, like o'p — o'J’: — tv,./ 1 , are observable. 

That reflects the freedom to absorb for instance the phase 4>\n into the defini¬ 
tion of the resonance field. Given that our model leads to resonance coupling 
constants which deviate strongly from those of the quark-model, we do not 
see much point to discuss the phase parameters in this section. The values of 
our relative phase parameters are given in Table 3. 

We turn to the coupling constants of the resonances to the vector-meson nu¬ 
cleon channels. The most general on-shell vertex permits two independent 
interaction vertices parameterized by axial-vector, fy^Ai an d pseudo-scalar, 

fvN Pi coupling constants, 


AVN) 
■‘-'1 1 - 
2 2 


p(1535) 

JpN,A 


ftiWWvP-fN+if 


S?JV,535 75 P" * T (3,. JV) 


8 The phase parameters discussed here are not directly related to the resonance 
and background phase parameters, 4>r and 4>b, frequently introduced at the level of 
the S'-matrix, where one writes S = e 2 *GB+9bi) near the resonance pole. The back¬ 
ground phase accounts for the contributions of the non-resonant background, which 
in the parameterization (69) is absorbed in the background parameters byjy^y'N 
and b^N^VN- 
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+ 73 fuN\A ^1535 75 Ip ^ N + fuN 3 p ^1535 75 ^ {dp TV) 

+ l fpN^A ^1650 75 Ip F ' TN + | /^ 6 p 0) TV 1650 75 ' T (d p TV) 

+ 73 /S 5 A ^ 1650 Islp^N + -^ N 1650 75 {dp N) + h.c.. 

(75) 

The relative normalization factor of the cciV and piV channels in (72) is mo¬ 
tivated by the corresponding factors in (8). We illustrate the different effects 
of the axial-vector versus the pseudo-scalar term by evaluating the partial 
resonance-decay width, 


rrtvs )=l (E K +m N ) (2 



where E'^ = rn 2 N +p 2 pN . A folding with the p-meson spectral function (32) anal¬ 
ogous to (43) is understood in (76). The width of the resonance in Breit-Wigner 
approximation is given with Tr = ^(wir). The result (76) demonstrates 
that the axial-vector coupling term with f pN A dominates the resonance-decay 

width. The pseudo-scalar contribution with f p ^ P is suppressed by at least 
two powers of the phase-space factor p pN . Note that the presence of two in¬ 
dependent coupling constants in (76) reflects the two hclicity states (40) a 
vector-meson nucleon pair with J = \ can occupy. Based on the leading pro¬ 
jectors introduced in (38) we identify the coupling constants 


(R) N VN (m R ) ( R ) 

/77-0.97, fSff* 1 . 


m R fvN.P — J 


(R) 

1 VN,A > 


/S’-o.oo, 


f.(1650) 

JujN,A 


~ 2.17,(77) 


where R = (1535,1650) and V = (p, u) (see (69)). The reliable determination 
of the pseudo-scalar coupling constant f pNP would require the consideration 
of subleading projectors not considered in this work. Taking our values for the 
resonance coupling constants in (77) we find partial pN -decay widths of less 
than 1 MeV for the N(1535) and N(1650) resonance. We compare our reso¬ 
nance coupling constants with values of the recent work [56] derived within 
the quark model. We observe strong deviations for the vector meson coupling 
constants [J^brI - 8.7, |/S 3 rr| - 7-8 and | fSU - 2 -2, \f^B R \ ^ 3.8 
from our values in (77). We should mention that the comparison of the vector- 
meson coupling constants is subtle. In [56] it is implied fvN P = 0 in conflict 
with our model. The quark model appears to suggest axial-vector type cou- 

(Ft) 

pling constants f P NA f° r which we recollected their values above. If we use 
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the value I/^brI - 8.7 together with the p-rneson spectral density of (32) in 
(76) we obtain a partial plV-decay width of 26 MeV for the N(1535) resonance. 
Moreover, we observe that this values is rather sensitive to the precise form 
of the p-meson spectral function. If we use a simple Breit-Wigner model with 
m p ~ 770 MeV and T p ~ 150 MeV, as applied in the analysis of Manley and 
Salesky [19], that partial decay widths becomes 143 MeV instead, clearly an 
unreasonable value. It was emphasized in [56] that only the ratios of the res¬ 
onance coupling constants are expected to be reasonable because many-body 
quark operators not considered in [56] may change their results. However, even 
taking ratios only does not lead to a consistent matching of onr values to those 
of the quark model. This is an interesting result which may help to discrim¬ 
inate the quark-model picture of resonances from the dynamical scenario in 
which all resonances except the baryon octet and decuplet ground states are 
considered to be generated by important coupled channel effects [20,35]. 

We discuss the coupling of the s-wave resonances to the photon-nucleon state 
as probed in the multipole amplitude. The most general gauge invariant in¬ 
teraction vertex as required for on-shell particles is readily constructed [57], 


4 ?’ = 7 ^ Rr, <v + An.v t 3 ) n F <“• + h.c.. (78) 

where e is the unit charge (e 2 /(47r) ~ 1/137). The isoscalar and isovector cou¬ 
pling constants fffis an( l f^N.y f°r a given resonance, R, are predicted by the 
generalized vector-meson dominance assumption (55) in terms of the hadronic 
coupling constants introduced in (75) and the channel independent parame¬ 
ters j quantifying the generalized vector-meson dominance assumption. 
The effective interaction Lagrangian density describing the transition of the 
resonance into the 7 N state is identified 9 , 

dT-e*isV(£ fS,A r», + 5 C.A IV> n) (AT Ft") 

- e (73 lS,pVs, + 5 ffflpTv,n) ((r JV) F“") + h.c., (79) 

with the electromagnetic held strength tensor F pi/ = d p A u — d u A p and the 
transition operator r s(v)’ 




p(+) 

S(V),u 


+ r 


(-) 

S(V),u 


■> 


9 The vector-meson dominance assumption is defined with respect to the covariant 
projector algebra. That implies a particular off-shell structure of the hadronic tran¬ 
sition vertex. Here we apply the correct off-shell form as is probed by the leading 
projector, i.e. we assume that rriRf[^p = A holds strictly. 
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.(1535) 

J'yN.S 

.(1650) 

JyN.S 

.(1535) 

J'yN.V 

.(1650) 

J'iN.V 

this work 

0.13 

0.18 

0.47 

0.00 

00 

.to. 

0.04-0.22 

0.06-0.41 

1.10-1.25 

0.01-0.13 


Table 4 

Electromagnetic resonance coupling constants in the IJ P = 44 channel . 
rk±) m R ±i^-d {9 S (v),2^ 9 S (v),i , a , 9 S (v), 1 \ 

1 S(V)m ~ o l ~r iv) • 

K h 1 m f> v rriR m u J 


( 80 ) 


In (80) the transition tensor (56) is cast into a form that leads to the gauge 
invariant expressions (79). The linear dependence on the photon 4-momentum 
q fl: in T( 5 y)(?; w) is absorbed into the held strength tensor F ltl/ , explaining why 
(56) and (80) are Lorentz tensors of different degrees. We obtain the result: 


AR) _ 1 (n A+) m R- m N , j+) m R + m N \ f{R) 

I r &l +9s2 J 

, 1 _(-) m R + ( AR) AR) \ 

' /n9S t 1 m R JcjN,P) > 

f (fl) _ 1 fo _(+) m R - . (+) m R + m N\ JR) 

R Ny - 3 V ® 1 ' 1 + ~ ) W A 


l LO 

1 (_) m R + m N / ( B ) 

+ X 0V.1 - f s 


(81) 


Our present scheme with (77) cannot determine the coupling constants f/^y, v 
These coupling constants should be derived studying photon-induced produc¬ 
tion of p-wave nucleon and isobar resonances. In Tab. 4 we compare the re¬ 
sulting electromagnetic resonance coupling constants with values obtained in 
a previous analysis [58]. We conclude that there is reasonable agreement given 
the quite large uncertainties in the coupling constants. 


5.2 I J F = | 4 channel 


We proceed with the IJ P = | 4 sector where we include the four channels 
7 tN, 7tA, pN, and K E. Note that here the ujN channel does not contribute 
since we assume exact isospin conservation. The 10 parameters of this sector, 
determined by our best fit, are given in Tab. 5. As may be expected, the 
parameters, r/ u , g i4 and g 44 describing the coupling strength in the ttN and 
KTi channels do not satisfy the SU(3) constraint, given in terms of the hi 
parameters specified in Tab. 1. In fact we find strong deviations from those 
values indicating that there are important SU(3) symmetry breaking effects in 
this sector, once part of the SU(3) dynamics, e.g. the K fl E or K E^ channels, 
is integrated out. 
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(§,+) r -^1 
9o 

7T N[n = 1] 

CO 

II 

S 

< 

pN[n = 1] 

KT,[n = 1] 

irN[m = 1] 

-29.41 

0.41 

-25.46 

11.81 

CO 

II 

< 

0.41 

12.69 

14.86 

-53.40 

pN[m = 1] 

-25.46 

14.86 

-26.44 

-5.77 

KH[m = 1] 

11.81 

-53.40 

-5.77 

5.00 


Table 5 

Coupling constants in the IJ P = | | channel. 



Fig. 8. Pion-nucleon scattering phase shift Ss 31 and inelasticity parameter r)s 31 of 
the 531 channel of our theory and of the single-energy analysis SP98 [45,46]. 

Our model reproduces the pion-uucleon phase shift and the inelasticity pa¬ 
rameter nicely, as shown in Fig. 8. The rapid energy variation close to a/s ~ 
1620 MeV reflects the presence of the isobar resonance A(1620) with quan¬ 
tum numbers I J p = § i . The fit is also constrained by the pion-induced 
K + T, + ,K + T,~ and A' 0 S° production cross section shown in Fig. 9. For the 
7 r + p —» A' + £ + reaction data of good quality on the differential cross section 
is available. These were used in the partial-wave analysis of [62], We utilize 
this, by fitting our model to the s-wave part of the production cross section, 
extracted in this analysis. In Fig. 9 the s-wave cross section, which is rea¬ 
sonably well reproduced by our model, is shown as open squares, while the 
total cross section is given by the filled squares. The difference between the 
total cross section and the s-wave part, starting at about a/s ~ 1750 MeV 
illustrates the importance of higher partial waves, not included in our model. 
I 11 the case of the reactions n~p —> K + £“ , K° S° the data set does not per¬ 
mit a reliable partial wave analysis. The few available data points [63,64] are 
consistent with s-wave dominance up to a/s ~ 1.9 GeV, as suggested by the 
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fit. Similar conclusions can be drawn in the 7 -induced K + T,° and Ji°S + pro¬ 
duction cross sections, also shown in Fig. 9. We find that our model provides 
a reasonable interpretation of the data, in particular in the A'°S + channel. 
The importance of higher partial waves in the Jl + S° channel is, at least on a 
qualitative level, consistent with available differential cross sections [53], which 
show large non-isotropic contributions already at pi a b = 1.5 GeV. 

We now turn to the 7 induced production of pions. In Fig. 11 we compare the 
multipole amplitude Ao+(S < 3 i) with the analysis of [31]. Given the simplicity 
of our model we obtain a reasonable description of the real and the imagi¬ 
nary part of E 0+ (S U ) in the energy range of interest here. The discrepancy 
between our model and the empirical analysis may have several causes. First, 
the generalized vector-meson dominance assumption (55) for the electromag¬ 
netic interactions may be too restrictive. If other couplings, not related to 
the vector-meson amplitudes, play an important role, it is possible that our 
model does not have enough freedom to reproduce the data in the different 
partial waves and reaction channels simultaneously. On the other hand, it 
may be that the deficiencies of our model reflect the importance of inelastic 
channels, like the K or K^N, which so far are not included. A further pos¬ 
sible source of the discrepancy is the kinematically suppressed contributions 
from the pN states (40), which are not included in the model. These define 
further contributions to the multipole amplitudes E 0+ . However, since these 


■ S-wave 




s ' [GeV] 


Fig. 9. Pion- and photon-induced I\ £ production cross sections. The data are taken 
from [59,53,60-62,39]. 
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Fig. 10. Electric multipole amplitudes Eq + (Ssi) of 7 -induced pion production. We 
show the results of the single-energy solution SM00 [31,46]. 

contributions are suppressed by at least two powers of the phase space factor 
P'yN = ( a/s — / a / s ) /2 they could play a role only if the corresponding 

coupling constants are anomalously large. The discrepancy at low energies is, 
as noted above, presumably related to the strong energy dependence of the 
one-pion exchange contribution, which is not treated properly in our scheme. 

We now discuss the p-meson scattering and production amplitudes. In Fig. 
11 we present the pion-induced p-meson production amplitude introduced in 
(44). and the p-meson nucleon scattering amplitude in the I — § and J = \ 
sector. The presence of the A(1620) resonance leads to a peaked structure in 
the imaginary parts of the subthreshold amplitudes. Note we show the reduced 
amplitudes, which for elastic pN scattering is given by 


V<! +, ( A 0). (82) 

This means that the diagonal amplitude at threshold equals the p-meson nu¬ 
cleon s-wave scattering length 



( 21 +) 
i*' 2 2 ' ' 

JpN^pN 


(m N + m p ) 




(—0.25 + i 0.09) fm, 


(83) 


We find a repulsive s-wave scattering length in this channel, while in the isospin 
one-half channel we found an attractive one. The isospin averaged scattering 
length of the J — \ channel, 


a (|) - 

a pN ~ 


a % 2) + I a pF ) — (-0.11 + i0.ll) fm, 


3 u pN 


(84) 
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Fig. 11. Vector-meson production and scattering amplitude with I = | and J = 
The solid and dashed lines show the real and imaginary parts of the amplitudes. The 
dotted lines are the result of the schematic resonance exchange model introduced 
in (85). 

is therefore somewhat reduced. 

We also analyze the production and scattering amplitudes in terms of a reso¬ 
nance model 


f+ 2 ,pN^pN(Vs) ~ 
f+,*N^ pN (Vs) ^ 


1 9. 


(1620)| 
pN 


S ~ m i 6 20 + g 

. ,(1620) . 

' lj 07rp 

\J- 




r 1620 

1 9 


(3 1) 

_l - h y 2 2 
T 0+ pN- 


>pN i 


(1620)| 
pN 


\/s — mi620 + \ r 1620 


(I!) 
_|- 2 2 


>pN ) 


(85) 


with the coupling constants g^N 2 °\ g^ 20 ' ) , the relative phase 0/ p 62O - ) and channel- 

(31) (31) 

dependent background terms 6 7r 2 A r 2 _ > „ jV and b p 2 N 2 _^ pN . The resulting resonance 
parameters are given in Tab. 6. We obtain a fairly small decay width for the 
A(1620) resonance. Our value is about a factor two smaller than that given by 
the Particle Data Group [65], Ti 62 o — 150 MeV. This is possibly a consequence 
of the dynamic generation of the isobar resonance which typically introduces 
a pronounced energy dependence in the resonance self energy. 

In Fig. 11 the amplitudes of the resonance-exchange model is shown by the 
dotted lines. Both amplitudes are fairly well represented by this simple model 
(85). We note, however, that it is crucial to allow for a strong, repulsive back- 
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ground contribution, 


(3 1} 

li 22 ' 

—, nN- 


>pJV ~ (-0.13 + i 0.10) fin, 


(III 
V- 2 2> 
°—, pN- 


, pN ~ (-0.21 + i 0.09) frn. ( 86 ) 


The sizeable imaginary part of the background parameters in ( 86 ) may be a 
reflection of our ’small’ decay width of the resonance. By forcing all of the 
imaginary part of the amplitude into an effective width parameter, the total 
decay width is enhanced and approaches the value given by the Particle Data 
Group. In the subsequent section we compare these results with quark-model 
predictions for the coupling constants. 


5.2.1 Resonance coupling constants 

The interaction term which couples the resonances A(1620) to the pion- 
nucleon channel is readily constructed, 


/•(* N) 
1-3 1- 
2 2 


/•(1620) 

JtxN 


Ai 6 20 7? ■ T N + h.c. 


,■(1620) 

J-itN 


8 7T 7711620 

M JV<S(m 1620 ) 


(1620) 


~ 0.19 


(87) 


where we used the results presented in the previous section and assumed on- 
shell kinematics. The corresponding value for the resonance coupling constant 
obtained from the quark model [56] is f^N^RR — 1-67. Again we a find large 
deviation. 


We turn to the coupling constants of the resonances to the vector-meson nu¬ 
cleon channels. The most general on-shell vertex permits two independent 
interaction terms parameterized by axial-vector, and pseudo-scalar, 

fp) v,p\ coupling constants, 


4A = /$? A 162 o 7s7 ^-TN 

2 2 V 

+ j- 3 A 162 „ 75 p" ■ T (d„ N) + h.c.. ( 88 ) 

We illustrate the different effects of the axial-vector versus the pseudo-scalar 
term by evaluating the partial decay width of the resonance: 



9nN 

9pN 

[°] 

m[MeV ] 

T [MeV ] 

A(1620) 

0.17 

0.21 

130 

1585 

80 


Table 6 

Resonance parameters in the IJ P = \\ channel . 
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rS(Vi) = | (E N + m N ) (2 (f^ff 



where E'fj = m 2 N + p 2 pN . A folding with the p-meson spectral function (32) 
analogous to (43) is understood. The result (89) demonstrates that the pseudo¬ 
scalar contribution with f^p is suppressed by at least two powers of the 
phase-space factor p pN . We identify the coupling constants implied by the 
leading projectors introduced in (38), 


,■(1620) 
J pN, A 


I 8 7T mi 6 20 
N pN (miQ2o) 


(1620) 

y P N 


~ 1.04, 


m *(1620) 
m 1620 J P N,P 


c(1620) 

JVN,A ■ 


(90) 


As in the Sn sector, a reliable determination of the pseudo-scalar coupling 
constant f^p would require subleading projectors, which are not considered 
in this work. The axial-vector resonance coupling constant in (90) agrees rea¬ 
sonably well with the quark-model result — 1.52 of [56]. Our value 

for this coupling constant implies a partial pN-decay width for the A(1620) 
resonance of about 1 MeV when an energy dependent p-meson self energy (29) 
is employed. 


We now discuss the electromagnetic interactions of the A(1620). The most 
general on-shell interaction vertex for the coupling of this resonance to the 
photon-nucleon state is of the form 


4 ^ = t ~— &v Ai620 T 3 75 N F^ + h.c.. ( 91 ) 

The coupling constant can be determined by analyzing the corresponding mul¬ 
tipole amplitudes. By using the generalized vector-meson dominance assump¬ 
tion (55), we can relate the isovector coupling constant f^y the hadronic 
coupling constants introduced in (88) and the channel independent parameters 
Syv) n which quantifies the strength of the photon-vector meson conversion 
matrix element. It is then straightforward to construct the effective interaction 
Lagrangian density, which describes the transition of the resonance into the 
7 N state 


4T = i e 7 J /E 0) A W 20 T 3 75 Y rv,„ (n 

- e /k 6 ” 1 A 1620 T, 75 r v> ((9'* N) F”) + h.c., (92) 

with the electromagnetic held strength tensor F pu = d p A u — d u A p and the 
transition operator Yy given in (80). We then find: 
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r ( 1620 ) _ 

J-yN,V ~ 


1 

73 


(+) m 1620 “ TUN . (+) '^1620 + ™>N \ 

2 9v,i ---+ 9v ,2 --- 


/.( 1620 ) 

JpN.A 


~ 0.93, (93) 


where (90) is strictly applied. Our value in (93) does not agree too well with 
the range of values ./177 — 0 .01 —0.45 obtained in [58]. As was emphasized 
in [58] for the resonance A(1620) the coupling constants are not determined 
reliably. 


5.3 I J p = \ | channel 


We continue with the IJ F = | § sector where 10 parameters are required 
to account for the four channels nN, ttA, pN, and ujN. The parameters of 
our best fit are given in Tab. 7. The inelastic channels are of almost the 
same importance in the coupled channel matrix, with roughly equal coupling 
strength to the nN channel. In particular there is no indication that it would 
be legitimate to integrate out the uN channel. 


( 5 ,-) r -^1 

9 1 m 7 r 

7 r N[n = 3] 

7rA[n = 1] 

pN[n = 1] 

c vN[n = 1] 

irN[m. = 3] 

4.50 

5.19 

6.70 

9.94 

7rA[?n = 1] 

5.19 

-11.90 

-7.37 

24.72 

pN[m = 1] 

6.70 

-7.37 

5.26 

23.88 

= 1] 

9.94 

24.72 

23.88 

24.65 


Table 7 

Coupling constants in the IJ P = 1 § channel. 


The pion-nucleon phase shift and its inelasticity parameter, presented in Fig. 
8 , are well reproduced by onr model. The phase shift and inelasticity param¬ 
eters clearly show the presence of the nucleon resonance 77(1520) with I = \ 
and J — §. The phase shift passes through 90 degree close to yfs ~ 1520 MeV. 
It is crucial to realize that the fit is constrained also by the vector-meson pro¬ 
duction cross section shown already in Fig. 1 and Fig. 2. Note that at present 
the pion-indnced 7 tA( 1232) production does not constrain the model since 
differential production cross sections are not available. Of particular impor¬ 
tance for the determination of the parameter set in Tab. 7 are the electric 
and magnetic multipole amplitudes and M 2 V'HD\:s) of the 7 in¬ 

duced pion production process. One important remark is here in order. The 
neglected pN and ujN states in (41) define further contributions to the multi- 
pole amplitudes E 2 _{D 13 ) and M 2 _(D 13 ). However, any contribution of those 
additional states is suppressed by at least two powers of the phase space factor 
P'rN = {Vs ~~ m ' < N / V$ )/2. In view of this uncertainty we believe that Fig. 13 
demonstrates a fair description of the resonance structures in the multipole 
amplitudes. 
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We now turn to the vector-meson scattering and production amplitudes. In 
Fig. 14 we present the pion-induced vector-meson production amplitudes I — \ 
and J = | sector while the corresponding vector-meson nucleon scattering 
amplitudes are shown in Fig. 15. The presence of the 1V(1520) resonance below 
threshold is clearly reflected in the reduced scattering amplitudes, 

f% s, i), 

fiVZUVs) = 1) • (94) 

o7T y/S 


The vector-meson nucleon s-wave scattering length in this sector corresponds 
to the value of the elastic amplitudes at threshold, i.e. y/s = mjv + my 




f+,pN^p N ( m N + m p ) ~ (0.02 + % 0.15) fm, 
f+^N^uN^N + m w ) ~ (-0.43 + i 0.15) fm . 


(95) 


The cn-meson nucleon scattering length is repulsive reflecting a strong cou¬ 
pling of the subthreshold resonance N(1520) to the ujN channel. The small 
imaginary part results from the various inelastic channels that are open at the 
uiN threshold. For the p-meson we find an imaginary part of similar size, but 
a very small, attractive, real part. Using the scattering lengths obtained in the 
Sii sector we can now compute the spin averaged cu-meson nucleon scattering 



Fig. 12. Pion-nucleon scattering phase shift 5d 13 and inelasticity parameter r/o i3 of 
the D i 3 channel. We compare to the single-energy solution SP98 of [45,46] 
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1.4 1.6 1.8 1.4 1.6 1.8 

s 1/2 [GeV] 


Fig. 13. Electric and magnetic multipole amplitudes E 2 ~{Diz) Pt n and M 2 -{Di^) Ptn 
of photon-induced pion production (see (61)). It is shown the single energy solution 
SMOO [31,46] 

length, 


V 2 2 / 


fI3) 


a wN - { a Jv — (-0.44-H 0.20) fm. 


(96) 


This implies that an u meson in low-density nuclear matter experiences a 
repulsive mass shift. This would rule out the existence of amnesic bound states 
at the nucleus surface. This is in contrast to the results of Klingl et al. [66] who 
find an attractive scattering length for the a;-meson, which would be conducive 
for amnesic atom states. However, it is possible that there are strong non- 
linearities in the nuclear optical potential that lead to sufficient attraction at 
somewhat higher density and thus to deeply bound amnesic atom states. We 
return to this issue in section 6 when discussing the vector-meson spectral 
densities in nuclear matter. 


It is useful to explore to what extend the production and scattering ampli¬ 
tudes may be represented in terms of a schematic resonance exchange model. 
We introduce a set of resonance coupling constants g ^ 2 °' ) and gyN°\ phase 
parameters (f) n v an d (frvv'i i n terms of which we fit the resonance structure of 
the amplitudes, 
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Fig. 14. Pion-induced vector-meson production amplitudes with I = \ and J = §. 
The real and imaginary parts of the amplitudes are shown by solid and dashed 
lines. The results of the schematic resonance exchange model (97) are represented 
by dotted lines. 





s 1/2 [GeV] 


Fig. 15. Vector-meson nucleon scattering amplitude with I = \ and J = |. Solid, 
dashed and dotted lines as in Fig. 14. 
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QttN 

9u>N 

9pN 

fnu [°] 

K [°] 

Kp [°] 

m[MeV ] 

T [MeV ] 

JV(1520) 

2.71 

0.90 

0.34 

0.6 

-7.0 

-9.2 

1503 

76 


Table 8 

Resonance parameters in the IJ P = \ 
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2 2 


channel . 


/_ 
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V 2 2 ' 

,ttN^VN 


(Vs) ^ 
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13) 
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, 1 /JV- 


■ V'N 


1 i 4IX 


| (1520)| | (1520)| 2 

WnN \ WVN \PirN 


m 


1520 (Vs ~ m 1520 + § r 1520 , 


+ 


(Vi) - 


g i<t>VV' |^( 1520 )| 


iVN 


1 9 


(1520)| 
V'N I 


l/s — 777.1520 + I r 1520 


pIn 

m 1520 


_l // 2 2 > 

T °-,VN- 


>V'N 


(13) 

j -,ttN^VN 1 


(97) 


Important background effects in the amplitudes are parameterized by the 

channel-dependent parameters Ox^vn- In Fig. 14 and 15 we confront the 
schematic expressions (97) with our vector-meson production and scattering 
amplitudes. The dotted lines show real and imaginary parts of the amplitudes 
as given by the schematic resonance exchange model (97). The resonance pa¬ 
rameters are collected in Tab. 8 . The resonance exchange model leads to a 
fair reproduction of all but the elastic pN amplitude provided the background 
terms, 


( 1 - 12 -i 0.18) fm, 
^Eiv^iv- (0.24 + i 0.00) fm, 
b-,%^u, N - (0-15 +* 0.03) fm, 


b l J%^ pN - (0.57 + *0.11) fm, 
b-]%^ pN ^ (0.16 + i 0.08) fm, 


(98) 


are incorporated. Note that the coupling strength of the N(1520) to the pN 
state was extracted from the off diagonal uN —> pN amplitude using the values 
of the resonance mass and width as obtained from the clastic uN amplitude. 
The elastic pN amplitude was then fitted in terms of only the background 
parameters. The discrepancy found for that amplitude reflects intrinsic limi¬ 
tations of the schematic resonance model which does not properly account for 
the energy dependence of the resonance self energy. 


5.3.1 Discussion of N(1520) resonance coupling constants 

We compare the resonance coupling constants with the quark-model values 
found in [56]. Since that comparison has subtle aspects we do this in some 
detail. The d-wave nucleon resonance N(1520) with I J p = ( ) couples to 
the pion-nucleon channel in the following form: 


A*N) 

-‘-1 3 - 
2 2 


R1520) 

JnN 

m n 


Rui&n) 


t i 75 N + h.c., 


(99) 
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with R M = At 152 o, M , the nucleon held, N, and the pion held n. We identify 


<•(1520) 

JnN 


\/8 7T IV^ (mi52o) 


m 


3/2 

1520 


/m„ 


(1520) 

jttN 


~ 1.44. 


( 100 ) 


and conclude that our value compares favorably with the value f^srrsn 
1.71, which was obtained in the quark model [56]. 


In contrast to the simple one-parameter structure of the pion-nucleon vertex 
the vector-meson nucleon vertices permit a much richer structure leading al¬ 
together to six coupling constants. We construct the most general on-shell 
interaction vertex, 


Avn) 

1 3 “ 

2 2 


f (1520) p 
JujN,S 




i 

V3 


<•(1520) p 
JpN,S W 


+ it v 


la {dpN) u c 


+ i 4 n, 2 v 1 ?■ 7 . (dp.N) ff + i 1 °<.ti ^ 

+ if S? (dpdaN) / + h.c., (101) 


describing the interaction of the vector meson helds cand p^. The three 
coupling constants fs, fv and fr are independent quantities and need to be 
determined separately. In our work we evaluate only the scalar term, fs , 


(1520) _ IN VN (m 152 o) ^(1520) ^(1520) 

9vn —57777 jvn,s i Jvn,v 

V on m 1520 


<•(1520) 
J pN,S 


~ 1.65, 


<•(1520) 

JujN,S 


~ 4.35. 


<•(1520) 

JvN,T 


0 , 


( 102 ) 


We will demonstrate explicitly that the determination of fv and ff requires 
the control of terms suppressed by the phase space factor p 2 pN or p^ N - 

In our previous analyses [30], where we did not include constraints from the 7 
induced production data we obtained a significantly larger ratio f p ]^ 20 ' > / — 

0.9. We point out, however, that once the 7 induced production data, in partic¬ 
ular the electric and magnetic multipole amplitudes iy>- and M 2 - describing 
the 7 -induced pion production data, are considered (see Fig. 13), the coupling 
of the 77(1520) resonance to the pN channel is reduced. Here we observe that 
the extraction of the coupling constant fp]^ 20 ^ from the hadronic sector only 
appears rather model dependent. In fact this observation was in part our mo¬ 
tivation for extending the analysis of [30]. Data on the dilepton production 
process n~p —> ne + e~ are expected to provide further constraints on the 
vector-meson coupling strengths to the subthreshold baryon resonances. In 
this reaction the subthreshold vector-meson nucleon production amplitudes, 
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required for the determination of f p ]^ 20 ^ and /^ 20 ^ [68] are probed. We em¬ 
phasize that any microscopic theory of the in-medium properties of vector 
mesons requires the information encoded in these coupling constants as input. 
This will be discussed in detail in section 6. 

In order to illustrate the effect of the different coupling constants we evaluate 
the imaginary part of the reduced resonance self energy, 



where a folding with the p-meson spectral function (32) analogous to (43) is 
understood. Also y/s = E p + E N and Ejf = m 2 N + p 2 pN . A technical remark is 
in order here. The expression for the partial decay width in (103) is obtained 
by projecting the imaginary part of the polarization tensor for the d-wave 
iV(1520) resonance onto J p = f . Clearly the contributions of the vector and 
tensor coupling constants f P N,v an d f P N,T to the width are kinematically sup¬ 
pressed by the factor p 2 N , compared to the contribution of the scalar coupling 
constant f P N,s- This observation supports the reasoning in section 3.1, where 
we argued that the additional projectors for the uN and pN channels are kine¬ 
matically suppressed. Therefore they are not considered in this work. Using 
our value for the resonance coupling constant we obtain a /x/V-partial decay 
width of 2 MeV for a p- meson spectral function with an energy dependent, and 
13 MeV with an energy-independent p-meson width. Thus, for a given value 
of the pNN( 1520) coupling constant, the pN width of the 1V(1520) depends 
crucially on the model for the p-meson spectral function. 

As noted at the beginning of this section, the extraction of the p-production 
cross section and in particular the coupling of the iV(1520) to the pN channel 
from hadronic reactions alone is model dependent. We attempt to remove this 
ambiguity by considering the additional constraints provided by the multipole 
amplitudes for the reaction jN —> nN within a generalized vector meson 
dominance model. Within this framework, we find a consistent description of 
the p production cross section of [37] and of the multipole amplitudes in all 
four channels. 

The quantitative comparison with the result of [56] is more subtle since the 
quark model appears to favor vector- and tensor-type couplings of the iV(1520) 
to the pN channel 
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( oj ) (p) 

£ BR = i^fN <j, w R k (&' d K ou») + i^§N a lw r R k (&' d K p 11 ) + h.c.a04) 

m ij m p 

while in our model the scalar coupling dominates. It is straightforward to 
identify the on-shell equivalent coupling constants, 
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JVN,V 


BR 


(nr 1520 - m N ) /y^? 


BR 


(105) 


introduced in (101). Using the coupling constants obtained by Brown and 
Riska [56], g RR ~ 4.5 and g RR ~ 7.7, in (105), we find a plV-decay width for 
the N(1520) resonance of 0.04 MeV and 0.38 MeV for an energy dependent 
and energy independent p-meson width, respectively. Thus the partial width 
implied by the quark model results is much smaller than the partial widths, 2 
MeV and 13 MeV, obtained in our model. This is by and large a consequence 
of the phase-space suppression, with T^o ~ P 3 p n implied by the vertex (104). 


It is instructive to express the coupling constants fu;N,s, fuN,v and fu>N,T in 
terms of hclicity matrix elements VJVh where the upper index (L, T ) refers 
to whether the matrix element involves a transverse or longitudinal vector 
meson, 
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^ nri52o q 


E n — + m N 

2 q 2 m 152 o 
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(T) 

ljN, 3/2 


(106) 


where E N = (m^ + g 2 ) 1 / 2 , E b = (m 2 +g 2 ) 1//2 and -Ujv + i^ = mi 52 o- Analogous 
results hold for the coupling constants of the p meson. The expressions in (106) 
clearly demonstrate that the leading moments in g 2 of the hclicity amplitudes 
are correlated. Only if 


'*S,3/2 = ^'*S, 1 /2 = ' / 3'»S, 1/2 /' / 2. at « 2 = 0, (107) 

holds one obtains a finite result for f U N,s, fwN,v and f U N,T in the limit of g 2 —> 
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0. Note that the various factors in (107) are in one to one correspondence to the 
coefficients given in (41) when defining the state |J=|; 1)- This phenomenon 
illustrates a well known effect, namely that helicity amplitudes are subject 
to further constraint equations required as to avoid kinematical singularities. 
Nevertheless the helicity matrix elements are useful since they permit a more 
direct relation to corresponding matrix elements involving real photon states. 

For the case of photons gauge invariance requires a transverse transition ten¬ 
sor. That leads to a correlation of the parameters in (101), 


fST = (™1520 - m N ) + 7711520 ( E N - m N ) , (108) 

if applied to real photons. The fact that there are only two coupling constants 
left is readily understood because those two terms reflect the two helicity 
matrix elements 3 , 2 and ,/ 2 . A longitudinal photon state does not 

exist implying x / 2 = 0 in the case of real photons. The most general on- 
shell vertex may be represented by [57], 


r (yN) _ 
L 13" 


+ 


2 m 
e 

4 m 2 R 


K 7, (i fSi + i 4S ) N F "" 
(4S + Gvl 7i) (& N) F*" + h.c. 


(109) 


We derive the consequences of the generalized vector-meson dominance as¬ 
sumption (55,56). The effective interaction Lagrangian density describing the 
transition of the resonance into the 7 A" state is: 


AlN) 
7-1 3 — 
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= e R, 
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( 110 ) 


where we do not consider effects from the vector and tensor coupling strength 
f'pN v(T) anf l ■f'ojN^v(T) ■ The proper treatment of these terms requires a careful 
analysis of the suppressed pN and uN states in (41), in particular the off-shell 
structure of the associated projection operators. It is straightforward to match 
the on-shell parts of (109) and (110), 
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,(1520) 
JyN,S i 

,(1520) 

Aw,s 2 

,(1520) 
Aw, Vi 

,(1520) 
AiV.Va 

this work 

7.84 

7.63 

1.72 

1.67 

00 

.to. 

2.9-4.5 

4.3-5.8 

3.1-5.3 

1.1-4.4 


Table 9 

Electromagnetic resonance coupling constants in the IJ P = | 4 channel. 

(T) 

Finally we derive the isoscalar and isovector helicity matrix elements h K s ^ h 
commonly used to parameterize the electromagnetic resonance decay R —> 
7 N, 
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( 112 ) 


(T) 

Results for the isovector helicity matrix elements lv Vh follow by analogy in 
terms of 20 ^ and . In Table 9 we compare the electromagnetic res¬ 

onance coupling constants with the estimates of [58]. We find deviations by 
almost a factor of two in some cases. Furthermore our estimates of the isoscalar 
coupling constants are systematically larger than the values of [58]. One may 
expect that the inclusion of the suppressed pN and uN channels (see 41) will 
lead to a more quantitative matching of the different approaches. 


5-4 I J p = ^ | channel 


We now turn to the remaining IJ P = 11 sector. Here we include the four 
channels nN, it A, pN and //A. This leads all together to 10 parameters in this 
sector. The parameters of our best fit are given in Tab. 10. 


fA 1 r n-\-m - 

g[ 2 ’ 2 

CO 

II 

7rA[n = 1] 

pN[n = 1] 

77 A [n = 1 ] 

irN[m . = 3] 

0.36 

-2.47 

-3.68 

2.24 

7rA[m = 1] 

-2.47 

12.34 

7.61 

-4.47 

pN[m = 1] 

-3.68 

7.61 

7.87 

-11.22 

?)A [m = 1] 

2.24 

-4.47 

-11.22 

12.02 


Table 10 

Coupling constants in the 7J P = | § channel. 


The pion-nucleon phase shift and the inelasticity parameter are well repro¬ 
duced by our model as demonstrated in Fig. 16. The phase shift and inelastic¬ 
ity parameter exhibit rapid changes at y/s — 1700 MeV signalling the presence 
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Fig. 16. Pion-nucleon scattering phase shift <5 d 33 and inelasticity parameter i]d 33 of 
the H 33 channel. We compare to the single-energy solution SP98 of [45,46]. 

of the baryon resonance A(1700) with quantum numbers I J F = 1§ .The fit 
is constrained also by the vector-meson production cross section shown already 
in Fig. 1 and Fig. 2. 

Further constraints are given by the electric and magnetic multipole ampli- 



s 1/2 [GeV] 


Fig. 17. Multipole amplitudes E 2 - (D 33 ) and M 2 - (.D 33 ) of 7 induced pion production 
(see (61)). Our results shown by solid lines are compared to those of the single-energy 
solution SMOO of [31,46]. 
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tudes E 2 -(D 33 ) and M 2 -(D 33 ). In Fig. 17 we compare the appropriate elec¬ 
tric and magnetic multipole amplitudes with the empirical SMOO analysis of 
[31,46]. We obtain a satisfactory description of the real and imaginary part, 
which indicates that the contributions we include are indeed the leading ones. 

We turn to the p-meson scattering and production amplitudes. In Fig. 18 
we present the pion-induced p-meson production amplitudes introduced in 
(133). The p-meson nucleon scattering amplitude with I — | and J=§ is also 
shown in Fig. 18. The isobar A(1700) resonance leads to a peak structure 
in the imaginary parts of the subthreshold amplitudes. Again it is useful to 
introduce a reduced scattering amplitude, 


1 % lA(v/5) = ^M<f-Vs,l), 

A 2 ' = ffN-tlri( m H + m p) - (-0.13 + i 0.38)fm, 


(113) 


which at threshold equals the scattering length. We find a repulsive scattering 
length consistent with the dominance of the A(1700) resonance in the I J F = 
§| amplitude. With (113) the collection of s-wave p-meson nucleon scattering 
lengths is complete, and we are ready to compute the spin and isospin averaged 
scattering length a P N, 


Sh) 


(§) 


a pN = \a pN + | a pN - (-0.09 + i 0.24) fm, 


(114) 


(”) 

where a 2 ^ is the isospin averaged J — \ scattering length given in (84) and 

( 3 \ 

a p pj the isospin averaged J — | scattering length, 


n ^ 2 - 
u pN ~ 


( 1 Z\ 

1 ,(22) I 

3 a pN ^ 


3 3 


-a 

3 a pN 


2 2 


~ (—0.08 + i 0.30) fm. 


(115) 


(3 3 ) 

It is obvious that the scattering length a p 2 N 2 , presented in this section, is of 
major importance for the spin and isospin averaged scattering length because 
it contributes with the relatively large weight factor 4/9. Our result for the 
averaged scattering length is in qualitative agrement with previous model 
calculations of the p-meson self energy [7,6,67] in nuclear matter if interpreted 
in terms of an effective scattering length. For dilute nuclear matter the isospin 
and spin averaged scattering a P N of (114) leads to a considerable broadening 
but only a small mass shift for the p-meson. We return to the discussion of 
p-meson propagation in nuclear matter again in the next section where the 
influence of the nucleon and isobar resonances is discussed. 


In Fig. 18 we show the vector-meson production and scattering amplitudes 
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obtained in our model as well as those of a schematic resonance exchange 
model, defined by, 
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(116) 


with the coupling constants ™ 0 ' 1 , a phase parameter d^ 700 ), and the 

(33\ (33) 

background parameters b n 2 ^ N , b p 2 N 2 _^ pN . The results of the schematic model 
are shown by the dotted lines. This simple model yields a reasonable descrip¬ 
tion of the amplitudes. Note that in the model for the production amplitude 
in (116) we include a phase-space factor p^ N which stems from the fact that 
the initial state is in a d-wave. The resonance parameters of our fit to the 
vector-meson production and scattering amplitudes are collected in Tab. 11. 
The background parameters are: 


('3 3', 

lr 22 

u -,ttN^ P N 


~ (—0.56 + i 0.32) fm, 


(3 S', 

h' 22 

°-, P N- 


>pN - (0-06 


i 0.07) fm. (117) 



Fig. 18. Vector-meson production and scattering amplitude with I = J = |. The 
solid and dashed lines represent the real and imaginary parts of the amplitudes. The 
dotted lines follow from the schematic resonance exchange model defined in (116). 
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9ttN 

9pN 

fnp [°] 

Til. [MeV ] 

T [MeV ] 

A(1700) 

2.29 

0.71 

-175 

1631 

394 


Table 11 

Resonance parameters in the IJ P = 11 channel . 

5-4-1 Discussion of A(1700) resonance coupling constants 

We compare the resulting resonance coupling constants with values of [56]. 
The d-wave isobar resonance A(1700) with (/ J) p = (| |)~ couples to the 
pion-nucleon and p-meson nncleon channels in the following form: 

dd- = (/S° 0) /">d Ai 7M ,„ (d‘‘ J) ■ T i~tsN + h.c., 

C[ f P = fjSf A„ f N P“ + i /<™> A,. T 7 „ (S„N) p" 

2 2 

+ * /^ 70 t 0) A m f (c^TV) /T 3 + h.c.. (118) 

The value fS°B R - 2 .66 of [56] describing the strength with which the isobar 
resonance couples to the 7 tA state, compares reasonably well with our result, 


r(1700) 

JttN 


V3 


rn 7 


V , 8xJV^ ) (m 1 ™„) (1700) 

\9ttN 


3/2 

m 1700 


~ li 


(119) 


The three coupling constants fs , fv and fr for the pN channel, introduced 
in (118), are independent quantities. In onr work we determined the scalar 
term only, which dominates the vertex, unless the vector and tensor coupling 
strengths are anomalously large, 


A1700) 
J pN,S 


I 8 77 7711700 
N pN (mi7 0 o) 


(1700) 

tipN 


~ 3 49 A 1700 ) 

— , j pN V 
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( 120 ) 


This should be compared with the quark-model results which imply a vanish¬ 
ing scalar coupling strength but finite values for the kinematically suppressed 
vector- and tensor-type vertices (see (105)). In order to facilitate the compari¬ 
son with various models we evaluate the partial pA-decay width of the isobar 
resonance, 


r (pN) 
1 1700 
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+ (4™’ - (E„ - m„) (E„ + m K ) ^ , (121) 

in terms of the three coupling constants, fsvri — Ep + -EW and Efj = 
m 2 N +p 2 p N- In (121) a folding with the p-meson spectral function (32) analogous 
to (43) is understood. With our value for the resonance coupling constant we 
find a piV-decay width of 71 MeV for an energy dependent, and 175 MeV for 
an energy independent width of the p-meson. Using the quark-model coupling 
constants instead [56], we obtain 0.03 MeV and 0.12 MeV, respectively, for 
the pN partial widths of the A(1700). 

Using the generalized vector-meson dominance assumption (55,56), the on- 
shell vertex may be represented by, 


AjN) 
^3 3“ 
2 2 


= 2^ 7 " ! d™ T * N ^+ 47 ^ T 4S U (& N) F"" + h.c. 

= i e AT A„ T 3 (N Fn + h.c., (122) 


with the transition operator r s(U) specified in (110). We obtain values, 


pi 700) 
J-yN, Vi 


~ 3.23 , 


P1700) 

JyNy 2 


~ 3.14 , 


(123) 


that are comparable with the values f^yl — 1.6 — 2.3 and ~ 2.7 — 4.8 

suggested in [58]. 


6 Implications for vector-meson propagation in nuclear matter 


In this section we present results for the propagators of the p and u mesons 
at rest in nuclear matter, obtained with the scattering amplitudes presented 
in section 5, to leading order in density. The low-density theorem states that 
the self energy, A rriy(uj), of a vector meson in nuclear matter is given by [70] 

A my(u) = - 8n f VN (y/s) p N + ..., (124) 

E V nW S > J-s=u+m N 


where ca is the energy of the vector meson and p ^ the nucleon density. The 
normalization factor Ny^^y/s) ~ 2 rriy, was introduced in (42). In spin and 
isospin saturated nuclear matter, the shifts of the mass and width, given by 
Amy (a;), are in this approximation proportional to the spin and isospin aver¬ 
aged s-wave scattering amplitude, 
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In Fig. 19 we show the resulting propagators at the saturation density of nu¬ 
clear matter, po = 0.17 fm -3 and at p = 2po- For the p meson we note an 
enhancement of the width, and a downward shift in energy, clue to the mixing 
with the baryon resonances at yTi = 1.5 —1.6 GeV. As the density is increased, 
the width of the p-likc peak is amplified and more strength is shifted down to 
the resonance-hole region at lower energies. At nuclear saturation density the 
center of gravity of the energy-weighted sum rule is shifted down by about 3 
% only. Compared to our previous preliminary result [30] we find much less 
attraction in the p-meson spectral function. This is a consequence of a signif¬ 
icantly reduced coupling of the d-wave N(1520) resonance to the pN state. In 
the detailed discussions of the previous sections we linked this result to the 
fact that we now include the data on photon-induced reactions in a system¬ 
atic fashion [1], In previous analyses the photon-induced multipole amplitudes 
were not considered systematically in this context. In particular our spectral 
function for the p meson shows considerably less strength in the low-mass 
region as compared to previous works [71,69,72], The in-medium propagator 
of the uj meson exhibits two distinct quasi-particles, an cu-meson like mode, 
which is shifted up somewhat in energy, and a resonance-hole like mode at 
low energies. This confirms our previous result [30] almost quantitatively. The 
low-lying mode carry about 15 % on the energy-weighted sum rule. The center- 
of-gravity is shifted down by ~ 4 % at nuclear saturation density. However, we 
stress that the structure of the in-medium cu-meson spectral function clearly 
cannot be characterized by this number alone. Note that as compared to the 
recent work [73] we obtain a significantly stronger coupling of the u meson to 
the N(1520) nucleon-hole state leading to a much more pronounced effect of 
the resonance-hole state in the spectral function. 


A simple estimate on the accuracy of the leading order result follows by inves¬ 
tigating the size of the subleading term, which is due to the Pauli block¬ 
ing of intermediate states. In order to compute the leading and sublead¬ 
ing mass shifts of the ui meson we need only the s-wave scattering lengths 
~ (—0.45 + i 0.31) fm and ~ (—0.43 + i 0.15) fm. We obtain a model 
independent result, in complete analogy with the corresponding expression for 
the kaon [74,75], 
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67 




CO [Gev] CO [Gev] 


Fig. 19. Imaginary parts of the p-meson and w-meson propagators in nuclear matter 
at p = po and p = 2po, compared to those in the vacuum. 


4 1 — x 2 + x 2 log x 2 

1T 2 (1 — X ) 2 



where x = m^/rriN- At nuclear saturation density the correction term of order 
kp in (126) implies a further repulsive mass shift of about 1 MeV and increase 
of the decay width of 2 MeV for the oj meson. This should be compared 
to the leading order repulsive mass and width shift of 43 MeV and 39 MeV 
respectively. We expect that the results obtained with only the leading term in 
the low-density expansion are qualitatively correct at normal nuclear matter 
density. However, on a quantitative level, the spectral functions may change 
when higher order terms in the density expansion are included. For instance, 
we expect that the in-medium properties of the baryon resonances depend 
sensitively on the meson spectral functions. If this is the case, a self consistent 
calculation, which corresponds to a partial summation of terms in the density 
expansion, would have to be performed [74,76,69]. 


7 Summary and conclusion 


In this work we have computed the scattering amplitudes that describe the 
s-wave scattering of the light vector mesons off nucleons. To leading order in 
a density expansion these amplitudes, in particular the subthreshold parts, 
determine the spectral functions of the p- and u;-meson in nuclear matter. 
Since there are no data on vector-meson nucleon scattering we constrained our 
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analysis by all relevant elastic and inelastic 7 IV and nN data. The coupled 
channel nnitarity condition together with covariance, the causality property 
of local quantum field theory and the data set then lead to fairly robust 
predictions for the vector-meson nucleon scattering amplitudes. We explored 
the possibility that the nucleon and isobar resonances, which do not belong to 
the large- N c ground state of QCD, are generated by coupled channel dynamics 
[20]. The merit of this conjecture, which admittedly is rather extreme, consists 
in a significant reduction of the number of parameters, since such a scheme 
does not require any parameters describing the properties of bare resonances. 
Based on our analysis, where all relevant resonances in the channels considered 
were successfully generated by coupled channel dynamics, we see no indication 
that would disprove this conjecture [ 20 ]. 

In contrast to previous works which typically apply the K-matrix formalism, 
our coupled channel study is based on the covariant projector technique intro¬ 
duced in [20]. This leads to loop functions and scattering amplitudes which are 
consistent with a dispersion-integral representation. The known drawback of 
the K-matrix formalism, the violation of analyticity and causality, is avoided. 
We developed a generalization of the vector meson dominance assumption that 
is appropriate for an effective field theory formulated in terms of quasi-local 
two-body interaction terms only. Moreover, this work is the first study of the 
vector-meson nucleon scattering processes where the pN, uN and 7 IV states 
were considered simultaneously. Altogether, in our approach we incorporate 
the 7 IV, nN, nA, pN, uN, pN, KA and KT, states. We allow for s- and d- 
wave states in the nN and nA channels since only those states couple to the 
s-wave vector-meson nucleon states. In the remaining hadronic channels we 
determine the strength of the leading s-wave states only. We approximate the 
three-body final state, nnN, by including the pN and nA channels where we 
use energy dependent decay widths of the p meson and A isobar. The two-pion 
total cross section was not fitted directly, since our model is restricted to low 
angular momentum states. Furthermore, we did not include the aN channel 
explicitly. It would anyway be difficult to discriminate its effects from the nA 
channel, which in our scheme is only indirectly constrained by data. Hence, we 
consider the latter as an effective channel, which subsumes also the residual 
effect of the aN channel. 

Since there is no model-independent partial-wave decomposition of the two- 
pion production data available, the aN channel was not considered. It would 
be extremely difficult to discriminate its effects from the nA channel in our 
present scheme. The latter channel, which is constrained in our scheme by 
data only rather indirectly, is considered as an effective channel in the sense 
that it is supposed to describe some residual effects of the aN channel also. 

Due to the presence of nucleon and isobar resonances, the vector-meson nu¬ 
cleon scattering amplitudes show rapid energy variations. In particular we find 
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that the s-wave resonances iV(1535) and iV(1650) show a strong uN compo¬ 
nent, which are required to simultaneously generate both resonances. On the 
other hand, only the iV(1535) but not the 7V(1650) resonance appears to cou¬ 
ple significantly to the pN channel. Similarly striking is our result that the 
d-wave iV(1520) resonance couples strongly to the uN channel but with only 
much reduced strength to the pN channel. This result is a consequence of our 
systematic inclusion of the photon-induced scattering data not done previ¬ 
ously. We extracted coupling constants of the nucleon and isobar resonances 
to the vector-meson nucleon states and compared those to predictions of the 
quark model. In some cases we find a strong disagreement. 

It is gratifying to obtain a simultaneous description of all considered photon- 
and pion-induced production data. Production cross sections, for which a t- 
channel exchange of a single pion is dominantly contributing, are typically 
described well only at energies rather close to the production threshold. The 
long-ranged one-pion exchange contribution is expected to yield significant 
strength in higher partial waves, not considered in this work. The remain¬ 
ing empirical pion- and photon-induced production cross sections are fairly 
well described up to significantly higher energies, thus demonstrating s-wave 
dominance for those reactions. 

An improved description of the considered electromagnetic multipole ampli¬ 
tudes as well as the production cross sections is expected once pN and c oN 
states with subleading angular momentum characteristics are included in the 
analysis. 

In nuclear matter our scattering amplitudes imply an ca-meson spectral func¬ 
tions with considerable support at energies smaller than the free-space mass 
representing resonance nucleon-hole type excitations. On the other hand, as 
an immediate consequence of the moderate coupling of the pN channel to 
the iV(1520) d-wave resonance, the in-medium effects for the p meson are 
found to be significantly smaller as compared to previous calculations. We 
emphasize that the rigorous evaluation of the vector-meson spectral functions 
requires an approach in which the transformation of the scattering amplitudes 
from the center of mass system into the laboratory frame is well defined. This 
transformation can be quite non-trivial for states with high spin and angular 
momentum. Clearly, the covariant projector technique applied in this work 
fulfils this requirement. We anticipate that a realistic evaluation of the in¬ 
medium spectral functions of the light vector mesons requires a self consistent 
many-body approach, in particular when the nucleon and isobar resonances 
show important in-medium modifications [76]. 

The results presented in this paper are relevant for the experimental program 
at GSI. The HADES detector will help to further explore the properties of 
the light vector mesons in nuclear matter by measuring their dilepton final 
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state with high accuracy. Complementary experimental programs are pursued 
at Jefferson Lab [77], MAMI [78] and KEK [79] with photon and nucleon 
induced reactions off nuclei. To further substantiate the structure of the vector- 
meson nucleon scattering amplitudes it would be desirable to establish a more 
microscopic understanding of the effective interaction vertices employed in onr 
work. We expect that a significant parameter reduction is feasible by a proper 
extension of the y-BS(3) approach (chiral Bethe-Salpeter approach for the 
SU(3) flavor group) in [20] to include additional inelastic channels like 7tA, 
uN and pN. 
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8 Appendix A: Projector approach for A-isobars 


We elaborate on the inclusion of the 7 tA channel. The J — \ and J — | 
projectors are 


\Y$(q,q’,w )] 2 1 = -3Pj ia \w)q a i'y 5 , 

PoS(& 9i w )]i2 = +*75 Q° 3 (w), 

[ Y o^M w )] 32 = V3Pl~\w) <f ( 7 ^ - , 

[Yo^„(q, g; w )] 23 = ( 7 ^ - g Q ^ W , 

[1'oJUt 9; w)] 22 = 9 g" q 13 P Y \w ), 
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- - 2 A ■ (129) 

w z ) 

Note that in the J — | channel the projectors couple to further projectors 
not considered in this work. This amounts to neglecting contributions from 
the 7 rA states with J — § but L — 2. Finally we provide the loop functions 
of the 7 tA channels. The loop functions are specified first in the zero-width 
approximation, 

jg +, (A0) = AfS(V5)/,a(^). 4h , (^.l) = Na(V5)^A(V5) . 
K + 2 (V?) = (ba - %) | (2 A. - 1) 2 P ; a , 
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with sfs = sjm\ + pl A + yjml+pl A and E A = \Jrn\ + pi A . The threshold 
behavior of the loop functions (130) confirms that in the J — \ channel the 
considered 7 tA state has L — 2 but in the J — | channel L = 0. The finite 
decay width is included by analogy with our treatment of the vector-meson 
loop functions in (43). For the isobar we use the spectral density 


pa(<? 2 ) = -9 (Ca ( q 2 - m 2 A ) - n A (g 2 )) , 

n A (g 2 ) = - ( m N + V m\ + vIn ) pIn (jnN ( \J q 2 ) 

v ( x I+pIn \ 2 
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®hjv(m A )) 


(131) 


With + ^777,2 + and = 

The parameters are adjusted as to reproduce the pion-nucleon P 33 phase shift. 
We use / = 90 MeV, C ~ 2.05, m A ~ 1232 MeV, C A — 0.9 and A a ~ 316 MeV. 
The incorporation of the dipole form factor in (131) leads to a quantitative 
description of the P 33 phase up to about y/s ~ 1.5 GeV [80]. Finally the 
isobar spectral function is normalized by the cutoff A a ~ 1.78 GeV where A a 
is introduced by analogy with (33). 

The pion-induced isobar production cross sections are: 
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(132) 


where we introduced the partial-wave amplitudes f^ IJ± \y/s). For example in 
the isospin 1 channel we write: 
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The energy dependent width of isobar resonance is taken into account by 
folding the cross sections (132) with the spectral function (131). 
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